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CHAPTER 1:  GENERAL INTRODUCTION 
 Phosphorus (P) management has been an important issue in agriculture throughout 
the ages.  Recently, however, its management has also become an important issue with 
regards to environmental concerns.  This is due to the dual nature of P as both a necessary 
nutrient and a potential pollutant in surface waters.  Because a high percentage of Iowa soils 
receive annual or biennial P applications and many of Iowa’s surface water bodies are being 
impacted by P via non-point source pollution, it is important to understand how to better 
manage this resource in order to both support agriculture and reduce possible water quality 
impairment. 
 Conservation tillage is one of the key methods available for reducing P losses to 
surface waters.  This is accomplished by reducing surface runoff and erosion through the 
interception of rainfall and reduction of overland flow rates by crop residue and the increase 
of infiltration rates as a result of increased residue cover and/or improved soil physical 
properties.  Improved residue management through conservation tillage can remediate both 
soluble P losses in runoff and particulate P losses from erosion.  Since residue management 
and conservation tillage are such valuable tools for maintaining surface water quality it is 
very important that the agricultural impact of these practices on crops and soil P are well 
understood. 
 The agricultural implications of conservation tillage include limited soil mixing 
causing stratification of P, organic matter, and potassium (K), as well as higher moisture 
content in surface soils and lower soil temperatures beneath residue.  Phosphorus is classified 
among the more immobile nutrients (together with K, for example) in soils and is retained to 
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various degrees by soil constituents.  Therefore, P does not appreciably move vertically in a 
soil when it is applied with fertilizer, manure, or crop residues until a given layer of soil is 
highly saturated with P.  This soil P stratification that results from P retention by soil could 
cause problems if the surface soil is dried, and consequently could reduce the capacity of 
plant roots to absorb P from the soil.  Moreover, increased residue cover usually results in 
lower soil temperatures and higher soil moisture content in spring, which may reduce root 
growth, P diffusion through soil, and P absorption by crops.  These possibilities have lead to 
the promotion of banding P fertilizer in conservation tillage, in order to both limit the risk of 
a P deficiency and to possibly decrease the amount of fertilizer necessary to achieve a certain 
yield response by having more P available by positioning it closer to the roots and by 
allowing less contact with soil compared with broadcast fertilization. 
 In addition to concerns about tillage and P placement there has been increased 
attention to risk assessment for P loss from fields in relation to fertilizer incorporation and 
soil test P (STP), and also to the effects of P application and P removal by crops on long-term 
STP trends.  For example, many nutrient management plans from regulatory agencies 
currently require that producers estimate their impacts on STP from P application and 
management practices for a few years into the future.  The information available in Iowa and 
many other states about these long-term P trends is utterly insufficient.  Improving 
knowledge about these issues requires studying yield, grain P concentration, grain P removal, 
and STP trends over time.  
Therefore, the goals of this thesis research were to confirm or disprove that long-term 
no-till management results in more soil P stratification than chisel-disk management, to study 
long-term STP and P removal trends, and to confirm or disprove the hypotheses that, as a 
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result of stratification, banding P is superior to broadcast P fertilization for crop yield with 
no-till management and that different sampling depths are required for chisel-disk and no-till 
management yield calibrations. 
THESIS ORGANIZATION 
 This thesis is organized in the form of two separate papers to be submitted for 
publication in Soil Science Society of America Journal.  The first paper is entitled Long-
Term Impacts of Broadcast and Band Phosphorus Fertilization on Crop Yield and Soil-Test 
Phosphorus in Corn-Soybean Rotations Managed with No-Till and Chisel-Disk Tillage 
Systems, and the second paper is entitled Relationships Between Phosphorus Fertilizer 
Placement, Grain Phosphorus Removal, and Soil-Test Phosphorus in No-Till Managed Corn-
Soybean Rotations.  Each paper includes an abstract, introduction, materials and methods, 
results and discussion, conclusions, references, tables, and figures.  The papers are preceded 
by a general introduction and are followed by a general conclusion. 
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 CHAPTER 2:  Long-Term Impacts of Broadcast and Band Phosphorus 
Fertilization on Crop Yield and Soil-Test Phosphorus in Corn-Soybean 
Rotations Managed with No-Till and Chisel-Disk Tillage Systems 
 
A paper to be submitted to Soil Science Society of America Journal 
 
Jacob R. Prater and Antonio P. Mallarino 
ABSTRACT 
As awareness of the importance of conservation tillage for controlling soil erosion 
and P loss from fields increases there is a need for more knowledge of its effects on crop 
yield, soil P stratification, and efficiency of fertilizer placement methods.  A study 
established in 1994 at five Iowa research farms was conducted to gain a better understanding 
of these relationships in corn (Zea mays L.) - soybean [Glycine max (L.) Merr.] rotations.  
The research farms were in Northeast (NERF), Northern (NIRF), Northwest (NWRF), 
Southeast (SERF), and southwest (SWRF) regions of the state.  This study used two tillage 
systems (no-till and chisel-disk), broadcast and planter-band placement methods, several P 
rates, and three replications to determine long-term effects and relationships between grain 
yield, soil-test P (STP) and P stratification, and the efficacy of different sampling depths for 
predicting yield responses.  Over the 12 years of this study tillage often increased corn yield 
compared with no-till, although the long-term average effect was statistically significant only 
at NERF, NWRF, and SERF (0.6, 0.5, and 0.5 Mg ha-1).  Tillage had infrequent, small, and 
inconsistent effects on soybean yields, and long-term average effects favored tillage at SERF 
(0.12 Mg ha-1) and no-till at SWRF (0.14 Mg ha-1).  Tillage by placement interactions were 
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seldom significant, the P placement method rarely had a significant effect on crop yield, and 
long-term averages showed non-significant differences at all sites.  Phosphorus fertilization 
increased yield only when soil-test P (STP) was < 21 mg P kg-1 (Bray-1) at a 0 to 15 cm 
depth, and any P rate effect was similar for all tillage systems and P placement methods.  
Stratification of STP was measured in non-fertilized plots and plots receiving broadcast P 
and was significantly higher in fertilized plots for both tillage systems.  Stratification was 
consistently higher with no-till only at SERF, where on average the top 7.5 cm of soil had 
nearly 200 % more P than the second 7.5 cm layer.  There was no advantage from a 
shallower soil sampling depth (0-7.5 cm over 0-15 cm) for STP in either crop or tillage 
system combination for predicting grain yield response. 
INTRODUCTION 
 There are many issues facing modern agriculture and most relate to some measure of 
sustainability and efficiency.  Phosphorus is an essential plant nutrient but excessive 
application rates or inappropriate application methods can result in reduced profitability and 
water quality impairment.  Excess P loss from fields and high concentrations in surface 
waters can cause algal blooms and eutrophication leading to imbalances of aquatic 
ecosystems and loss of recreational and aesthetic value. 
 Some important issues that should be considered for P management are soil-test P 
(STP) levels and the effects of tillage, fertilizer placement, and application rates on both crop 
yield and STP distribution in the soil.  Different P fertilizer placement methods and tillage 
systems can cause variations in the soil P distribution over time possibly impacting the 
availability of P to crops.  In no-till systems P is often stratified, with accumulation in the 
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surface horizons of the soil and a possible deficiency in deeper layers.  This stratification can 
be due to natural P cycling with residue and intensified by surface broadcast applications of P 
(Shear and Moschler, 1969; Griffith et al., 1977; MacKay et al., 1987; Karlen et al., 1991; 
Robbins and Voss, 1991).  Phosphorus placement effects are thought to alleviate 
stratification issues by concentrating P below the soil surface where it could be more 
available to roots compared with a broadcast application.  This P placement near the seeds 
with no-till management or in soils with high residue accumulation could result in early plant 
growth enhancement by alleviating effects of low soil temperatures on plant growth and P 
uptake.   At the same time, localizing the P could minimize P retention by limiting the soil-
fertilizer contact area and increase P use efficiency. 
There has been much discussion in published research as to the consequences of P 
stratification in crop production and P fertilizer use efficiency.  Stratification could present a 
problem in soils with surface layers that might dry out and leave this accumulated P out of 
the effective reach of plant roots.  In these instances, subsurface P and K application could 
increase fertilizer use efficiency and yield.  This result has been observed in some research 
(Hairston et al., 1990; Lauson and Miller, 1997; Eckert and Johnson, 1985).  However, in 
humid conditions the availability of P to plants may not be affected because there would be 
higher root activity at or near the soil surface.  Several previous studies showed small and 
infrequent decreases in P and K availability for crops due to stratification (Singh et al., 1966; 
Moschler and Martens, 1975; Belcher and Ragland, 1972).  Iowa research since the 1990s 
has shown that deep-banded K increased early K uptake and yield of no-till corn and soybean 
compared with broadcast or planter-band placements but deep-banded P only increased early 
growth and P uptake by plants (Bordoli and Mallarino, 1998; Mallarino et al., 1999; Borges 
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and Mallarino, 2000).  For example, Bordoli and Mallarino (1998) concluded that there were 
no differences among deep banding (15 cm), shallow banding (5 cm below and beside the 
seed), and broadcast P fertilizer on yield in soils testing Low and Very Low according to 
Iowa soil test interpretations.  Borges and Mallarino (2000) showed that there was no 
consistent response in soybean yield to P placement.  These two studies applied 0, 14, or 28 
kg P ha-1 annually.  A study in Tennessee showed no significant difference in corn grain 
yield for both disk tillage and no-till between banded and broadcast treatments of P at a rate 
of 20 kg ha-1 (Howard et al. 2002).  Therefore, these results suggest that often stratification is 
not an issue and does not require special management in terms of P placement, but there still 
may be situations where banding is a better option than broadcasting, especially if there is a 
significant erosion risk or the probability of drought is high. 
The question has been raised as to the most effective sampling depth in no-till soils to 
determine optimum STP levels and concomitant fertilizer recommendations.  Soil testing is 
an important component to agronomic research and a useful tool for producers, but there are 
certain things that a good soil test must accomplish.  According to Peck and Soltanpour 
(1990) a soil test must estimate soil nutrient status, indicate deficiencies or excesses, aid in 
developing recommendations, and present results so that economic evaluation can be 
performed.  Sampling depth presents an issue when dealing with different tillage systems 
because of the depth of incorporated fertilizer and crop residues and the shallower rooting 
density pattern in no-till (Thomas and Frye, 1984).  Researchers have studied the distribution 
of P (and also K, another nutrient of relatively low mobility) in soil after broadcast or 
shallow band fertilization (usually applied with the planter) in no-till fields (Kitchen et al., 
1990; Robbins and Voss, 1991; Tyler and Howard, 1991; Howard et al. 1999) and shallow or 
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deep banding for no-till and ridge-till fields (Borges and Mallarino, 2001 and 2003), and for 
fields managed with no-till or chisel-disk tillage (Mallarino and Borges, 2006).  Contrary to 
common expectations, Mallarino and Borges (2006) demonstrated significant vertical soil P 
and K stratification for chisel-disk tillage, although it was greater in no-till.  As expected, 
these authors also found significant lateral stratification when the P fertilizer was banded 13- 
to 18-cm deep in no-till but also in chisel-disk tillage.  Because of this vertical stratification 
and lateral spatial variability of nutrients, these authors concluded that the sampling method 
should be based on the knowledge (or lack of knowledge) of fertilizer band location.  
However, Tyler and Howard (1991) and Mallarino and Borges (2006) concluded that the 
nutrient status of soils with band fertilization could be evaluated effectively with a random 
sampling, especially when the precise location of bands is unknown. 
 There can be significant stratification of P in no-till systems, and whether this 
requires a different sampling depth for better estimating P sufficiency for crops and critical 
STP levels (CL) for recommendations is an important issue.  Critical STP levels that have 
been reported vary not only by regional location, but also by sampling depth, soil testing 
method, and the model used to fit yield response data and STP (Dahnke and Olson, 1990; 
Mallarino and Blackmer, 1992).  Recent Iowa research has shown that a shallower sampling 
of 0-7.5 cm only slightly improved prediction of yield response to STP over the conventional 
0-15 cm for soybean (Borges and Mallarino 2000).  This study, however, did not correlate 
yield response with STP and did not determine CL for soybean.  Several published Iowa STP 
correlation studies (Mallarino et al. 1991, Mallarino and Blackmer, 1992; Webb et al. 1992; 
Mallarino, 1997; Dodd and Mallarino, 2005) that have been used to establish current STP 
interpretations in Iowa (Sawyer et al., 2002) have not discriminated between tillage systems 
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or studied effects of different sampling depths.  These studies and Iowa recommendations 
indicate that soils testing in the low class (9-15 mg kg-1 P) result in positive economic returns 
to P application, and soils testing in the optimum class (16-21 mg kg-1) result in break-even 
or small positive or negative returns, while those testing high (21-30 mg kg-1 P) or higher 
result in negative returns.  Because of P stratification and shallower rooting patterns, it has 
been suggested that shallower sampling depths may be more beneficial, or possibly be better 
predictors of probable yield increases to P application over the usual plow depth sample in 
no-till. 
A better understanding of the combined effects of tillage, placement, fertilizer rate, 
and soil sampling depth on corn and soybean yields can greatly aid in developing good 
recommendations for producers.  By comparing fertilizer placement methods for various 
tillage systems, studying STP stratification, and assessing the importance of sampling depth 
for STP calibration methods we can learn more and improve P management for conservation 
tillage.  Therefore, the objectives of this study were to use data from five Iowa long-term 
experiments to confirm or disprove the hypotheses that long-term no-till management results 
in greater soil P stratification than chisel-disk tillage and that, as a result of no-till 
management and soil P stratification, banding of P is superior to broadcast P fertilization for 
crops managed with no-till and that different yield calibrations of STP methods are required 
for chisel-disk and no-till management. 
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MATERIALS AND METHODS 
Locations, Treatments, and Site Management 
 Five long-term experiments were established across Iowa in 1994 to study the effects 
of chisel-disk tillage, no-till, broadcast and planter-banded P on crop yields, STP 
stratification, and STP CL for corn-soybean rotations.  The experiments also included a deep-
band placement method that was discontinued in 2001 and is not included in this study.  The 
sites were located at five Iowa State University research farms: Northeast Research Farm 
(NERF) near Nashua, Northern Research Farm (NIRF) near Kanawha, Northwest Research 
Farm (NWRF) near Sutherland, Southeast Research Farm (SERF) near Crawfordsville, and 
the Southwest Research Farm (SWRF) near Atlantic.  The sites chosen had five typical Iowa 
soils.  Soils were Kenyon (fine-loamy, mixed, superactive, mesic, Typic Hapludoll) at NERF, 
Webster (fine-loamy, mixed, superactive, mesic, Typic Endoaquoll) NIRF, Galva (fine-silty, 
mixed, superactive, mesic, Typic Hapludoll) NWRF, Mahaska (fine, smectitic, mesic, 
Aquertic Argiudoll) at SERF, and Marshall (fine-silty, mixed, superactive, mesic, Typic 
Hapludoll) at SWRF. 
Corn-soybean rotations were established at each site by constructing two identical 
and adjacent experimental layouts, planting corn to one and soybean to the other, and rotating 
crops each year.  Three P fertilizer rates were used including 0, 14, and 28 kg P ha-1 applied 
every year.  These two P rates were applied with broadcast (coded B1 and B2) and planter-
band (coded S1 and S2) placement methods, and the control was coded as P0.  An additional 
treatment was a biennially applied broadcast rate of 56 kg P ha-1 (twice the annual 28-kg rate, 
coded B3).  Therefore, there were six P treatments for each tillage system.  Preliminary 
analyses showed that the effects of B2 and B3 treatments on crop yield did not differ for the 
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vast majority of the sites and years, and the rare differences were small and inconsistent.  
This result is in agreement with results of previous Iowa long-term research (27 years) with 
broadcast P and chisel/disk tillage (J.R. Webb and A.P. Mallarino, Iowa State University, 
unpublished).  Thus, effects of the B3 treatment on crop yields are not shown or further 
discussed.  Each treatment was replicated three times at each site in an experimental layout 
following a randomized block, split-plot design with tillage treatments in the large plots and 
the combinations of P rate and fertilizer placement methods in the subplots.  The subplots 
width varied from 4.5 to 7.7 m and the length varied from 16 to 18 m long among research 
farms, but row spacing always was 76 cm for both crops.  The planter bands were 
approximately 25 mm in width and were placed 5 cm to the side of and 5 cm below the 
seeds.  The broadcast fertilizer was spread by hand (granulated triple superphosphate).  At all 
sites the chisel-disk treatment involved chisel-plowing only plots with corn residue in the fall 
and field-cultivating all plots in spring.  One pass with a light disk harrow sometimes was 
used before field cultivating at NIRF, NWRF, and SWRF.  The tillage implements were 
those commonly used by Midwest farmers and were of the same design across locations.  
The chisel-plow shanks were spaced 30 cm apart and tilled soil to a depth of 15 to 20 cm.  
The field cultivators had staggered toolbars with shanks with overlapping 20-cm wide 
sweeps and one or two toolbars with thin teeth that smoothed the soil surface.  The field 
cultivators (and disk harrows used at some sites) tilled soil to a depth of 8 to 12 cm.  All 
tillage operations were parallel to crop rows, although the traffic direction was switched each 
year. 
Sites were maintained by research farm employees, and corn hybrids, soybean 
cultivars, planting dates, and other crop management practices aside from tillage and P 
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application were among those recommended for each location.  Non-limiting N fertilization 
rates were applied each year for corn in the spring at rates slightly higher than current Iowa 
recommendations at the time for corn following soybean.  Nitrogen rates were 160 to 180 kg 
N ha-1 (Iowa recommendations are 112 to 168 kg N ha-1) using anhydrous ammonia at NERF 
and NWRF and urea at other locations.  Potassium fertilizer was applied periodically across 
all plots to maintain K as a non-limiting nutrient at all sites. 
Soil and Grain Yield Measurements 
Before any treatment was applied in 1994, soil sample composites (25 2-cm cores) 
were taken from each replication at each research farm from two depths (0-7.5 cm and 7.5-15 
cm).  The samples were dried at 40 C and crushed to pass a 2 mm sieve.  Soil texture was 
measured in a composite of the two depths in order to characterize the 0-15 cm soil depth at 
each site, and was loam at NERF, clay-loam at NIRF, and silty-clay-loam at other sites.  Soil-
test P was determined using the Bray-1 method following procedures recommended for the 
North Central Region of the U.S. (Frank et al., 1998).  In this method, the sample extracts 
were analyzed for P by spectrophotometry with the ammonium-molybdate - ascorbic acid 
method (Murphy and Riley, 1962).  Soil-test K was determined using the ammonium acetate 
method, OM was determined using the Walkley-Black method, and pH in a 1:1 soil:water 
ratio were determined in accordance with procedures recommended for the North Central 
Region of the U.S. in chapters of the North Central Region Publication 221 (Brown, 1998).  
Thereafter, soil samples were collected in the fall after harvest each year (October or 
November) and before annual P treatment application.  The samples were collected from the 
non-fertilized plots (controls) from both corn and soybean plots, from plots with soybean 
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residue receiving the B2 treatment (28-kg annual rate) until 2000, and since 2001 from plots 
with soybean residue receiving the B3 treatment (56-kg biennial rate).  The samples (12 to 15 
2-cm cores) were collected at random from 0-7.5 cm and 7.5-15 cm soil depths.  Soil-test P 
was determined in duplicate samples as described above.  The initial values for selected soil 
tests and the final STP values are shown in Table 1-1.  A STP stratification index (SI) was 
calculated as the ratio of STP of the 0-7.5 cm sample to that of the 0-15 cm sample.  Iowa 
State University STP interpretations will be used later to describe soil P status and discuss 
yield responses (Sawyer et al., 2002).  The five classes for the Bray-1 test are (mg P kg-1) 
Very Low ≤ 8, Low 8 to 15, Optimum 16 to 20, High 21 to 30, and Very High > 30. 
Grain yield was measured using a plot combine, and corn yield was adjusted to 15.5 
% moisture and soybean to 13 % moisture.  Only the central 15-m length of the center three 
or four crop rows was harvested at each research center.  Relative yields were calculated for 
use in STP correlations as in previous research (Mallarino et al. 1991, Mallarino and 
Blackmer, 1992; Webb et al. 1992; Mallarino, 1997; Dodd and Mallarino, 2005) by 
expressing mean yield of all treatments (across replications) as percentages of the maximum 
yield for each site and year.  The method was adjusted to this study by calculating maximum 
yield as the mean yield of the B2 and S2 treatments (the two highest annual P rates applied) 
for each tillage system because (as will be shown later) tillage usually influenced yield but 
differences between broadcast and banded treatments were infrequent, small, and 
inconsistent. 
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Statistical Analysis and Determination of Critical Soil-Test Phosphorus Levels  
Statistical analyses of STP stratification and grain yield data for each year and across 
all years were conducted using SAS (SAS Institute, 2000) using the PROC MIXED 
procedure for a split-plot, complete-block design for a complete factorial of tillage by P rate 
treatments (main effects and an interaction).  To better estimate separate responses to P for 
each tillage system, the treatment sums of squares also were partitioned into orthogonal 
comparisons of the control vs. the mean of plots receiving P and of the low P rate vs. the 
higher rate.  The critical STP concentrations were determined with linear-plateau (LP) and 
quadratic-plateau (QP) models (Waugh et al., 1973; SAS Inc. 2000; Mallarino and Blackmer, 
1992) as the STP value at which the linear or quadratic portions of each model joined the 
predicted plateau yield. 
RESULTS AND DISCUSSION 
Corn and Soybean Grain Yields 
 An important objective of this study was to assess the interactions between tillage and 
P placement methods for crop yield.  For example, we wanted to determine if any difference 
between P placement methods or P application rates on grain yield was proportionally similar 
for both tillage systems.  Study of the tillage by P placement method interaction indicated 
non-significant (P ≤ 0.05) effects across all years of the five sites for both crops, and 
significance was rarely observed for individual sites-years.  Considering both crops, this 
interaction was significant only in 2 years at NIRF and SERF, 1 year at NWRF, and 3 years 
at SWRF.  Study of the P placement method by P rate interaction also indicated non-
significant (P ≤ 0.05) effects across all years of the five sites for either crop and seldom in 
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analyses by year and site.  Across both crops, the interaction P placement by P rate was 
significant only for 2 years at NERF, 1 year, at NWRF, 2 years at SERF, and 3 years at 
SWRF.  These are important results because they indicate that the effects of tillage, P 
placement method, and P rate on grain yield were statistically independent of one another.  
This general lack of interaction effects also determined the most practical way of presenting 
and discussing the results of this study.  Because treatment interactions were so infrequent, 
and to simplify the presentation of a large amount of data and statistics for many sites and 
years, we chose to present yield data for each tillage system averaged across P placement 
methods and P rates and data for each P treatment averaged across both tillage systems.  
Therefore, statistics shown in tables for data from each site and year correspond to main 
effects, although the few instances in which interactions were statistically significant and 
worth discussing will be noted.  To better illustrate long-term results, however, we also show 
data for each tillage and P treatment combination for averages across all years at each site. 
Tillage Effects on Grain Yield 
  Table 1-2 shows soybean grain yield as affected by tillage for averages across P 
placement methods and application rates. Data for each site-year indicated that tillage had 
infrequent, small, and inconsistent effects on soybean yield.  Three out of 60 site-years 
showed a higher soybean yield with tillage (P ≤ 0.05), while seven site-years showed a 
higher yield with no-till.  The increased yields due to tillage occurred at the NIRF site.  The 
higher yield with no-till occurred at the NWRF, SERF, and SWRF, with the SWRF having 
the majority of these responses.  The NERF site did not show a significant response to tillage 
in any year.  When data from each site were analyzed across all years (Table 1-2), tillage 
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effects on soybean yield were significant (P ≤ 0.05) only at SERF and SWRF sites.  In the 
case of the SERF the advantage was for tillage, but at the SWRF site the advantage was for 
no-till likely due to lower rainfall and better drained soils at this site.  This different result for 
SERF in the long-term analysis (despite having a response for no-till in the by year analysis) 
is likely due to an additive effect of several non-statistically significant responses to tillage.  
The advantage of tillage in some years at NIRF could be explained by colder and wetter soils 
in spring for this northerly location. 
Table 1-3 shows corn grain yield as affected by tillage for averages across P 
placement methods and application rates.  Data for each site-year indicate that tillage effects 
in corn were more frequent than for soybean.  There were tillage differences at every site, but 
these were frequent only at NERF and SWRF, where yield differences were significant in 7 
and 5 years, respectively.  Tillage effects were also frequent at SERF by considering 
responses at P ≤ 0.05 in 3 years and responses at the borderline P ≤ 0.06 in 2 years.  All of 
the tillage differences at NERF and SERF showed higher yields with chisel-disk tillage.  
However, at SWRF yields in 1996, 1997, and 1998 were higher with tillage and in 2002 and 
2003 were higher with no-till.  This variation at the SWRF could be explained by 
precipitation differences between years with well below average June and July rainfall 
amounts in 2002 and 2003 (data not shown) and the capacity of no-till management to 
conserve more water in dry years.  The average tillage effect (compared with no-till) in the 
responsive years at NERF, SERF, and SWRF were 0.8, 1.2, and -0.4 Mg ha-1, respectively.  
Tillage effects on corn yield at NIRF and NWRF sites were infrequent, but always showed an 
increase in grain yield with chisel-disk tillage.  In the long-term, average effects across all 
years of each site in Table 1-3 indicate that corn yields were similar (P ≤ 0.05) for both 
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tillage systems at NIRF and SWRF, while corn yields were higher with tillage than for no-till 
at NERF, NWRF, and SERF (Table 1-3).  The average tillage effect across all years at 
NERF, NWRF, and SERF was 0.5 Mg ha-1 at the three sites.  Cumulative non-significant 
effects in several years can explain the significant average tillage effect at NWRF, where 
tillage systems differed only in two years. 
Phosphorus Placement and Rate Effects on Grain Yield 
As we mentioned above, statistical analysis showed infrequent and inconsistent 
significant interactions between tillage and P treatments and, as a result, any P treatment 
effect was proportionally similar for no-till or chisel tillage for both corn and soybean.  This 
result is demonstrated by data in Table 1-4, which shows crop yield averages across all years 
at each site as affected by the P placement method and P application rate for each tillage 
system.  These data also show no significant difference between the banded and broadcast 
treatments and no significant interaction between P placement method and P application rate 
for either crop.  Phosphorus increased long-term average soybean yield significantly (P ≤ 
0.05) at NIRF, NWRF, SERF, and SWRF but not at NERF, but there was no significant 
difference between P application rates.  Long-term average corn yield was increased by P 
fertilization at NIRF and NWRF, with only NWRF showing a significant difference between 
the 14 and 28 kg ha-1 P rates.  These average crop responses can be partly explained by STP 
(Table 1-1). Initial STP for a 0 to 15 cm depth was Very Low at NWRF, Low at NIRF, High 
at SERF, borderline between Low and Optimum SWRF, and Very High at NERF.  By the 
end of the study, STP of non-fertilized plots for this sampling depth was Very Low at NIRF 
and NWRF, Low at SERF and SWRF, and borderline between Optimum and Low at NERF.  
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Current Iowa State University interpretations for fields managed with any tillage system 
(Sawyer et al., 2002) indicate that the probability of a yield response is 80, 65, 25, and 5% 
for the categories Very Low, Low, Optimum, and High, respectively. 
Tables 1-5 and 1-6 show crop yield for each site-year as affected by the P placement 
method averaged across tillage systems and P application rates.  Analyses by site-year for 
each crop showed occasional and inconsistent yield responses to P placement.  These 
responses occurred only in ten of 60 site-years for corn and in four of 60-site-years for 
soybeans.  The responses to P placement in soybean (Table 1-5) were at the NIRF, NWRF, 
SERF, and SWRF, were small, and were observed in only one year at each site.  At the SERF 
and SWRF sites yield was 0.1 Mg ha-1 higher for the broadcast method and at NIRF and 
NWRF yield was 0.1 and 0.2 Mg ha-1 higher, respectively, for the banded method.  These two 
sites (NIRF and NWRF), which showed the only yield responses to banding in soybean, were 
the two initially testing Very Low or Low in STP (Table 1-1). 
The corn response to placement at each site-year (Table 1-6) also showed infrequent 
and inconsistent P placement effects.  Of six placement method differences across all site-
years, yields were higher for the broadcast method in three instances and for banding in three 
instances.  Higher yield for broadcast P was observed in two years at NIRF (1994 and 2004) 
and in one year at SWRF (2003), the yield advantage ranged from 0.5 to 0.7 Mg ha-1 at these 
two sites.   Higher yield for banding was observed in two years at SERF (1994 and 2005) and 
in one year at SWRF (2005), and in this case the yield differences were similar and ranged 
from 0.5 to 0.8 Mg ha-1.  These isolated placement effects could not be explained by site 
characteristics, rainfall, or STP stratification. 
 19
Crop grain yield responses to P fertilizer (on average across tillage and placement 
methods) were frequent at sites initially testing Low or Very Low in STP, which were NIRF 
and NWRF, respectively.  Other sites began to show responses as the STP of the controls 
decreased over the 12 years of the study.  Table 1-7 shows soybean yield responses for all 
site-years.  When data for the NERF site were analyzed by year, there was a statistically 
significant yield response to P fertilizer application only in 2004.  The NIRF and NWRF sites 
showed very consistent responses to fertilizer application with 10 and 12 responsive years, 
respectively.  This can be explained by the initially Low and Very Low STP levels (10 and 7 
mg kg-1 P, respectively).  The SERF and SWRF sites showed infrequent soybean responses 
to P application toward the last few years of the study, likely due to declining STP in the 
control plots (Table 1-1).  Differences between P application rates were seldom significant 
for soybean.  An additional response to the high P rate was observed only at the lowest 
testing sites, in 1 year at NIRF, 3 years at NWRF, and once at the SWRF.  There was one 
instance in 1998 at the SWRF where the lower rate produced a statistically higher yield, but 
the increase was small and likely a random variation. 
When sites were analyzed by year for corn (Table 1-8) there were no responses to P 
application at NERF, numerous responses at NIRF and NWRF, a few isolated responses at 
SERF, and only two responses at SWRF in the last years of the study.  The lack of response 
to P application at NERF is explained by the high STP levels throughout all years of the 
experiment.  Soil-test P of non-fertilized plots only decreased into the optimum STP category 
at the end of the study (Table 1-1).  The consistent responses at NIRF and NWRF were due 
to the very low STP initially measured at each site.  The responses at SERF are harder to 
explain, but the occasional responses near the end of the study are likely due to the 
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decreasing STP of the controls (initially High and decreasing to the Low STP interpretation 
class).  The crop response in the last two years at SWRF were likely due to the STP levels 
having slowly decreased over time until they finally impacted yield.  Differences in corn 
yield between the two P fertilizer rates were infrequent with the exception of the NIRF and 
NWRF sites (in 3 and 4 years, respectively), which tested lowest in STP. 
Tillage and Fertilizer Effects on Stratification of Soil P 
 A stratification index (SI) was calculated and used to show the effects of tillage and 
fertilizer application on stratification.  Table 1-9 shows SI data for the 12 years at each site.  
Initially there was no statistical difference (P ≤ 0.05) in SI between tillage systems at every 
site, but at four sites the differences tended to develop with time.  The only exception was the 
NIRF site, which never displayed a statistically significant SI difference between the two 
tillage systems.  Also, independent of the statistical significance, average SI across P 
treatments by year for this site was numerically larger for tillage than for no-till in ten years.  
At NWRF the SI differed among tillage systems only in 2005 when was greater for tillage 
than for no-till, and for other years it was numerically higher for one or the other tillage 
system about evenly.  However, SI was significantly greater for no-till in many years at 
SERF and in a few years at SWRF but numerically was always greater for no-till at these two 
sites.  We have no clear explanation for these results.  It is interesting to note, however, that 
the sites showing little or no difference in SI between tillage systems were those initially 
testing the lowest in STP (NWRF and NIRF).  In spite of the lack of statistical significance 
these results suggest that chisel-disk results in slightly less stratification than no-till.  On 
average across tillage systems and P rates, stratification was smallest and approximately 
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similar for NERF, NIRF, and SERF (SI was 1.31, 1.30, and 1.29, respectively) and largest 
for NWRF and SWRF (SI was 1.45 and 1.44, respectively).  Another interesting result was 
that P fertilizer treatment effects were much more profound than tillage affects on SI, and 
were present in nearly every site-year after the first year of the experiments with few 
exceptions.  The effects of tillage and P fertilization on STP stratification were independent 
(non-significant interaction between these two treatments) until the last few years of the 
study, when SI was greater for plots receiving P with no-till.  This result was likely due to the 
gradual onset of the effects of both treatments on SI. 
Soil P Stratification and Efficiency of P Placement Methods 
Although results of the effects of P placement methods on crop yield showed very 
infrequent and inconsistent differences, we further studied potential relationships between P 
placement methods, yield, and STP stratification by relating yields for the banded (S1 and 
S2) treatments and the broadcast treatments (B1 and B2) with SI of the control plots.  We 
plotted the ratio of yield between banded and broadcast P application (banded/broadcast) for 
the two P rates (14 and 28 kg P ha-1) against SI for each crop.  Figure 1-1 for soybean and 
Figure 1-2 for corn show that there was significant variability in the efficiency of banding 
over broadcast P application in crop yield but the variation was around a yield ratio of 
approximately 1.0 for both tillage systems.  This result is in agreement with yield results 
discussed before.  The relationships also show no correlation between the yield ratio and STP 
stratification.  This result agrees with the lack of large or frequent P placement effects on 
yield.  Although P application increased stratification over that in control plots used to 
calculate SI for these relationships (Table 1-9), this result was irrelevant for yield because 
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STP of fertilized plots was at or above requirements for crops.  This analysis confirms that in 
these sites STP stratification was not a long-term concern in relation to P fertilizer placement 
strategies for corn and soybean from an agronomic perspective.  However, environmental 
considerations could be important because subsurface P placement could minimize P loss to 
surface waters through surface runoff and soil erosion. 
Soil-Test Phosphorus and Yield Response Calibration 
 Linear-plateau and QP models were used to fit the relationship between STP and 
relative grain yield for corn and soybean across the five sites and 12 years, which 
encompassed a wide range in climate, soil types, and management.  Models fit and calculated 
CL are shown in Table 1-10, and Fig. 1-3 shows plotted data and CL from the QP model for 
the two tillage systems, crops, and sampling depths.  Data in Fig. 1-3 show the classic 
response shape between an index of yield response to fertilization (relative yield in this case) 
and STP.  Relative yields first increased at a fast rate, then at a slower rate, and finally 
reached a plateau as STP increased.  Results can be summarized in four major points.  One 
important result was that our data confirmed previous research that included LP, QP, and 
other models in showing that CL are highly dependent on the model used to determine them 
(Mallarino and Blackmer, 1992).  The CL determined using LP and QP models has been 
used to establish a CL range for STP in Iowa soils (Mallarino, 1997; Mallarino, 2003; Dodd 
and Mallarino, 2005; Mallarino and Atia, 2005).  As observed in previous research, these two 
models showed similar R2 values with lower CL for LP than for QP and the R2 magnitudes 
were within those observed in previous studies as well. 
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Another important result was that, as expected, both crops showed higher CL values 
with a shallower sampling depth for both tillage systems.  The LP and QP models predicted a 
CL range for soybean with a 0-15 cm sampling depth at 9-11 and 12-16 mg P kg-1 for no-till 
and tillage, respectively.  The predicted CL values were increased to 10-13 and 15-20 mg P 
kg-1 when the 0-7.5 cm sampling was used.  The determined CL range for corn with a 0-15 
cm sampling depth was 12-16 and 12-19 mg P kg-1 for no-till and tillage, respectively.  The 
predicted CL values were increased to 15-21 and 15-30 mg P kg-1 when the 0-7.5cm 
sampling was used.  This result is due to STP stratification which occurs in both no-till and 
chisel tillage as our study showed.  We cannot explain with certainty the reason for a higher 
CL range for tillage.  We expected the opposite trend because STP stratification was greater 
for no-till.  The results are in agreement, however, with few and inconsistent differences in 
STP stratification between tillage systems at four sites and frequent and consistently larger 
stratification for no-till only at one site (SERF).  In fact, calculations of SI for data in the 
figures (which do not include the B2 or S2 treatments) for each tillage system indicated that 
average SI was similar at NERF (1.21 for no-till and 1.20 for tillage), larger for tillage at 
NIRF and NWRF (1.10 and 1.23 for no-till and 1.19 and 1.27 for tillage, respectively), and 
larger for no-till at SERF and SWRF (1.24 and 1.37 for no-till and 1.17 and 1.33 for tillage, 
respectively).  Therefore, the results of these analyses indicate that there is no advantage to a 
shallower sampling depth in either no-till or chisel disk tillage over the widely used 0-15 cm 
depth in the Midwest to assess P sufficiency for corn and soybean.  However, a different 
sampling depth could be advantageous in regions with different climates and soils or in soils 
with higher levels of P stratification. 
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CONCLUSIONS 
 Chisel/disk tillage often, but not always, resulted in greater corn yield compared with 
no-till management.  On average across the 12 years of the study corn yield was not affected 
by tillage at NIRF and SWRF sites and was on average 0.5 Mg ha-1 greater with tillage at 
NERF, NWRF, and SERF.  The tillage treatments had smaller and more inconsistent effects 
on soybean yield.  On average across the 12 years of the study, soybean yield was 0.2 Mg ha-
1 greater for tillage at SERF and 0.1 Mg ha-1 greater for no-till at SWRF.  Phosphorus 
placement seldom affected corn and soybean yield within either tillage system, and a few 
infrequent differences favored broadcast or banded methods with inconsistent patterns. There 
was a lack of fertilizer placement effects even though there was significant STP stratification 
in all sites.  The average STP stratification in 0-7.5 cm to 7.5-15 cm soil depths across 12 
years at the five sites was (shallow to deep depth) 15 to 10 mg kg-1 for non-fertilized plots 
and 52 to 20 mg kg-1 for plots that received 28 kg P ha-1 yr-1.  Results showed that STP 
stratification was consistently larger for no-till only at one site.  
This study showed that there was no clear advantage in either tillage system to a 
shallower sampling depth for predicting soil P sufficiency for either corn or soybean 
managed with no-till or tillage.  Critical STP levels ranged from 12 to 20 mg P kg-1 in corn 
across tillage systems and models used to determine them at the standard 15-cm depth.  This 
range was increase to 15 to 30 mg P kg-1 at the 7.5 cm sampling depth.  In soybean at the 15 
cm depth the range in CL was 9 to 16 mg P kg-1 and was 10 to 20 mg P kg-1 at the 7.5 cm 
sampling depth across both tillage systems and models.  This result suggests that despite 
significant stratification of STP between 0-7.5 cm and 7.5-15 cm with both tillage systems 
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these sampling depths would be equally acceptable in production agriculture for conditions 
similar to those included in the experiments of this study. 
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Table 1-1. Initial and final soil data. 
Soil Types and Selected Soil Properties 
Site Soil Series Soil Subgroup Organic Matter pH 
   g kg-1  
NERF Kenyon Typic Hapludoll 0.39 7.1 
NIRF Webster Typic Endoaquoll 0.50 7 
NWRF Galva Typic Hapludoll 0.45 6.3 
SERF Mahaska Aquic Argiudoll 0.45 6.1 
SWRF Marshall Typic Hapludoll 0.39 5.9 
Soil-Test P for Different Depths and Interpretation 
Site 0-7.5 cm 7.5-15 cm 0-15 cm Class † 
 ---------------------- mg P kg-1 -----------------------------  
NERF 38 28 33 VH 
NIRF 11 9 10 L 
NWRF 9 5 7 VL 
SERF 26 19 23 H 
SWRF 22 7 15 L 
 
Final Soil-Test P and Interpretation 
Chisel Fertilized 
NERF 66 34 50 VH 
NIRF 45 14 29 H 
NWRF 65 12 38 VH 
SERF 67 35 51 VH 
SWRF 54 23 38 VH 
Chisel Not Fertilized 
NERF 20 14 17 O 
NIRF 5 2 4 VL 
NWRF 7 4 6 VL 
SERF 16 13 14 L 
SWRF 13 8 10 L 
No-till Fertilized 
NERF 78 22 50 VH 
NIRF 43 13 28 H 
NWRF 90 11 51 VH 
SERF 84 15 50 VH 
SWRF 76 14 45 VH 
No-till Not Fertilized 
NERF 19 10 15 L 
NIRF 3 3 3 VL 
NWRF 3 1 2 VL 
SERF 12 6 9 L 
SWRF 16 5 11 L 
† The five STP classes are (mg P kg-1) Very Low (VL) ≤ 8, Low (L) 8 to 15, Optimum (O) 16 
to 20, High (H) 21 to 30, and Very High (VH) > 30.  P0 refers to the control plots while B2 
refers to the plots receiving 28 kg P ha-1 broadcast. 
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Table 1-2. Soybean grain yield as affected by tillage (means across P treatments). 
                            
  Tillage Treatment    
Site Year Chisel No-till   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 3.8 3.7  0.63 
1995 2.9 2.9  0.63 
1996 4.2 4.2  0.75 
1997 4.1 4.2  0.97 
1998 4.2 4.2  0.59 
1999 3.6 3.6  0.58 
2000 3.9 3.9  0.91 
2001 3.8 3.6  0.16 
2002 3.7 3.4  0.12 
2003 2.9 2.5  0.15 
2004 3.8 3.7  0.20 
NERF 
2005 4.5 4.6  0.15 
 Mean 3.8 3.7  0.12 
1994 3.1 3.1  0.78 
1995 3.7 3.7  0.91 
1996 2.9 3.0  0.87 
1997 2.9 2.8  0.32 
1998 3.2 3.3  0.48 
1999 3.4 3.2  0.02 
2000 3.3 3.3  0.76 
2001 3.2 3.1  0.26 
2002 3.3 3.0  0.01 
2003 2.4 2.3  0.00 
2004 3.3 2.9  0.14 
NIRF 
2005 3.1 3.1  0.40 
 Mean 3.2 3.1  0.27 
1994 2.6 2.7  0.15 
1995 2.7 3.0  0.05 
1996 2.2 2.1  0.18 
1997 2.7 2.6  0.62 
1998 3.0 3.0  0.70 
1999 3.1 3.2  0.71 
2000 2.7 2.7  0.80 
2001 2.8 2.9  0.30 
2002 3.1 2.6  0.13 
2003 2.6 2.5  0.56 
2004 1.6 2.1  0.03 
NWRF 
2005 3.5 3.5  0.97 
  Mean 2.7 2.7   0.79 
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Table 1-2. continued 
                            
  Tillage Treatment    
Site Year Chisel No-till   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 3.9 3.7  0.23 
1995 4.0 4.1  0.17 
1996 3.3 3.2  0.24 
1997 3.8 3.8  0.78 
1998 4.1 4.0  0.75 
1999 3.8 4.0  0.01 
2000 3.2 3.1  0.56 
2001 3.5 3.5  0.58 
2002 3.8 2.8  0.06 
2003 3.1 2.9  0.06 
2004 3.8 3.8  0.60 
SERF 
2005 3.6 3.6  0.97 
 Mean 3.7 3.5  0.01 
1994 4.1 4.1  0.11 
1995 3.5 3.6  0.14 
1996 3.6 3.7  0.02 
1997 3.9 4.0  0.23 
1998 3.4 3.5  0.22 
1999 4.2 4.1  0.14 
2000 2.7 3.0  0.04 
2001 3.2 3.6  0.04 
2002 1.4 2.2  0.01 
2003 1.9 2.0  0.13 
2004 4.1 4.2  0.44 
SWRF 
2005 4.2 4.2  0.55 
  Mean 3.4 3.5   0.01 
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Table 1-3. Corn yield as affected by tillage (means across P treatments). 
                            
  Tillage Treatment    
Site Year Chisel No-till   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 9.1 8.6  0.02 
1995 6.9 6.9  0.94 
1996 10.6 10.1  0.05 
1997 11.2 10.6  0.01 
1998 10.1 10.5  0.39 
1999 11.2 10.1  0.05 
2000 10.8 10.8  0.90 
2001 11.7 11.3  0.23 
2002 12.8 12.1  0.01 
2003 9.0 7.9  0.01 
2004 13.1 11.7  0.01 
NERF 
2005 12.4 12.0  0.34 
 Mean 10.7 10.2  0.01 
1994 9.5 10.0  0.18 
1995 9.4 9.0  0.31 
1996 9.5 9.4  0.73 
1997 7.2 7.2  0.91 
1998 9.6 9.4  0.52 
1999 10.8 10.2  0.31 
2000 9.9 9.3  0.01 
2001 9.2 8.3  0.04 
2002 9.9 8.4  0.01 
2003 11.9 10.7  0.16 
2004 10.7 10.1  0.14 
NIRF 
2005 9.8 8.6  0.37 
 Mean 9.8 9.2  0.11 
1994 8.9 8.7  0.26 
1995 7.2 6.8  0.10 
1996 7.8 7.0  0.10 
1997 8.8 8.2  0.23 
1998 9.9 9.2  0.08 
1999 9.6 9.2  0.22 
2000 8.0 7.5  0.25 
2001 8.4 7.9  0.01 
2002 8.1 7.7  0.23 
2003 10.0 9.0  0.03 
2004 6.2 5.8  0.18 
NWRF 
2005 7.9 7.3  0.27 
  Mean 8.4 7.9   0.01 
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Table 1-3. continued 
                            
  Tillage Treatment    
Site Year Chisel No-till   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 10.2 9.7  0.08 
1995 7.5 8.0  0.52 
1996 9.2 9.5  0.35 
1997 9.6 9.0  0.10 
1998 8.5 8.7  0.60 
1999 11.4 11.3  0.68 
2000 10.2 10.2  0.90 
2001 7.4 6.9  0.06 
2002 11.9 10.1  0.03 
2003 12.0 10.4  0.04 
2004 12.9 12.0  0.03 
SERF 
2005 10.6 9.2  0.06 
 Mean 10.1 9.6  0.04 
1994 10.8 10.6  0.53 
1995 10.3 10.3  0.83 
1996 10.4 9.6  0.02 
1997 11.1 10.6  0.01 
1998 11.7 11.3  0.02 
1999 8.1 8.6  0.11 
2000 9.4 9.2  0.42 
2001 9.9 10.1  0.34 
2002 7.3 9.4  0.01 
2003 7.2 7.9  0.01 
2004 14.3 14.1  0.25 
SWRF 
2005 13.2 13.0  0.28 
  Mean 10.3 10.4   0.62 
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Table 1-4. Corn and soybean yield as affected by tillage and P treatments across all 
years at five locations. 
       
 Soybean 
 Chisel† No-till Statistics‡ 
Farm B1 B2 P0 S1 S2 B1 B2 P0 S1 S2 Till 
P0 
vs. 
P 
Broad 
vs. 
Band 
1 
vs. 
2 
Till 
by 
Place 
 ---------------------------------------- Mg ha-1 ---------------------------------------  ------------------- Pr > F ------------------- 
NERF 3.8 3.8 3.8 3.8 3.8 3.7 3.7 3.8 3.7 3.7 0.12 0.78 0.74 0.58 0.92 
NIRF 3.3 3.3 2.7 3.2 3.3 3.1 3.3 2.6 3.1 3.2 0.27 0.01 0.38 0.16 0.66 
NWRF 2.8 2.8 2.3 2.8 2.9 2.8 2.9 2.3 2.8 2.9 0.79 0.01 0.78 0.32 0.96 
SERF 3.7 3.7 3.6 3.6 3.7 3.6 3.6 3.5 3.6 3.6 0.01 0.03 0.88 0.31 0.93 
SWRF 3.4 3.4 3.3 3.3 3.4 3.5 3.5 3.4 3.5 3.6 0.01 0.01 0.94 0.23 0.72 
  Corn 
NERF 10.7 10.8 10.8 10.8 10.7 10.3 10.2 10.1 10.1 10.3 0.01 0.74 0.99 0.74 0.99 
NIRF 10.1 10.2 8.7 9.8 10.0 9.4 9.6 8.1 9.3 9.6 0.11 0.01 0.38 0.16 0.50 
NWRF 8.5 8.9 7.2 8.6 8.9 8.1 8.4 6.2 8.2 8.4 0.01 0.01 0.58 0.04 0.86 
SERF 10.1 10.1 10.1 10.2 10.1 9.5 9.5 9.3 9.7 9.8 0.04 0.26 0.27 0.93 0.37 
SWRF 10.4 10.4 10.2 10.1 10.4 10.6 10.3 10.3 10.3 10.4 0.62 0.69 0.66 0.94 0.88 
† B1, 14 kg P ha-1 broadcast; B2, 28 kg P ha-1 broadcast; S1, 14 kg P ha-1 banded; S2, 28 kg 
P ha-1 banded; P0, No P applied.   
‡ Till, tillage main effect; P0 vs. P, unfertilized control vs. fertilized plots; Broad vs. Band, 
broadcast vs. banded P treatments; 1 vs. 2, comparison 14 vs. 28 kg P ha-1 rate; Till by Place, 
tillage by placement interaction. 
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Table 1-5. Soybean grain yield as affected by the fertilizer placement method (means 
across tillage and P rate treatments). 
                            
  P Placement    
Site Year Broadcast Banded   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 3.7 3.8  0.96 
1995 2.8 3.0  0.13 
1996 4.2 4.2  0.34 
1997 4.2 4.2  0.61 
1998 4.2 4.2  0.90 
1999 3.6 3.7  0.30 
2000 3.9 3.9  0.46 
2001 3.7 3.6  0.95 
2002 3.5 3.6  0.54 
2003 2.7 2.7  0.58 
2004 3.9 3.8  0.46 
NERF 
2005 4.5 4.5  0.75 
 Mean 3.7 3.8  0.74 
1994 3.2 3.0  0.08 
1995 3.7 3.7  0.92 
1996 3.1 3.0  0.40 
1997 3.0 2.9  0.22 
1998 3.4 3.3  0.36 
1999 3.5 3.4  0.23 
2000 3.5 3.5  0.65 
2001 3.2 3.3  0.05 
2002 3.3 3.3  0.94 
2003 2.5 2.5  0.89 
2004 3.3 3.3  0.78 
NIRF 
2005 3.2 3.2  0.52 
 Mean 3.2 3.2  0.38 
1994 2.8 2.7  0.52 
1995 2.9 2.9  0.66 
1996 2.1 2.3  0.02 
1997 2.8 2.7  0.60 
1998 3.1 3.1  0.93 
1999 3.2 3.3  0.18 
2000 2.8 2.9  0.25 
2001 2.9 2.9  0.45 
2002 3.0 3.1  0.44 
2003 2.6 2.6  0.79 
2004 2.1 2.0  0.45 
NWRF 
2005 3.7 3.7  0.95 
  Mean 2.8 2.8   0.78 
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Table 1-5. continued 
                            
  P Placement    
Site Year Broadcast Banded   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 3.8 3.9  0.56 
1995 4.0 4.1  0.65 
1996 3.3 3.3  0.20 
1997 3.8 3.9  0.77 
1998 4.1 4.1  0.86 
1999 3.9 4.0  0.92 
2000 3.1 3.2  0.48 
2001 3.5 3.6  0.38 
2002 3.3 3.3  0.81 
2003 3.1 3.0  0.27 
2004 3.9 3.8  0.04 
SERF 
2005 3.6 3.6  0.46 
 Mean 3.6 3.6  0.88 
1994 4.1 4.1  0.17 
1995 3.6 3.6  0.90 
1996 3.7 3.6  0.02 
1997 4.0 4.0  0.80 
1998 3.4 3.5  0.35 
1999 4.2 4.2  0.98 
2000 2.8 2.9  0.65 
2001 3.5 3.5  0.06 
2002 1.8 1.8  0.77 
2003 1.9 2.0  0.09 
2004 4.2 4.1  0.15 
SWRF 
2005 4.2 4.2  0.65 
  Mean 3.5 3.5   0.94 
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Table 1-6. Corn grain yield as affected by the fertilizer placement method (means 
across tillage and P rate treatments). 
                            
  P Placement    
Site Year Broadcast Banded   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 8.8 9.0  0.31 
1995 7.0 6.9  0.33 
1996 10.3 10.2  0.31 
1997 11.0 10.8  0.48 
1998 10.1 10.5  0.23 
1999 10.8 10.6  0.36 
2000 10.8 10.8  0.99 
2001 11.5 11.6  0.82 
2002 12.5 12.5  0.65 
2003 8.5 8.5  0.98 
2004 12.5 12.3  0.28 
NERF 
2005 12.1 12.4  0.18 
 Mean 10.5 10.5  0.99 
1994 10.0 9.5  0.03 
1995 9.4 9.4  0.94 
1996 9.5 9.6  0.36 
1997 7.4 7.1  0.29 
1998 9.8 9.5  0.20 
1999 10.7 10.8  0.76 
2000 9.8 9.9  0.76 
2001 9.0 9.5  0.27 
2002 9.6 9.3  0.35 
2003 12.0 11.7  0.64 
2004 11.2 10.5  0.01 
NIRF 
2005 9.9 9.8  0.75 
 Mean 9.8 9.7  0.38 
1994 9.0 9.1  0.62 
1995 7.2 7.1  0.77 
1996 7.6 8.0  0.18 
1997 9.0 9.1  0.93 
1998 9.8 9.9  0.72 
1999 9.7 10.0  0.16 
2000 8.2 8.3  0.72 
2001 8.7 8.4  0.17 
2002 8.1 8.4  0.13 
2003 9.9 10.0  0.68 
2004 6.1 6.0  0.75 
NWRF 
2005 8.1 8.1  0.66 
  Mean 8.5 8.5   0.58 
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Table 1-6. continued 
                            
  P Placement    
Site Year Broadcast Banded   Statistics 
  ------------------ Mg ha-1 --------------  P > F 
1994 9.6 10.4  0.05 
1995 7.9 7.5  0.10 
1996 9.4 9.2  0.56 
1997 9.3 9.3  0.77 
1998 8.5 8.5  0.94 
1999 11.4 11.6  0.31 
2000 10.2 10.4  0.48 
2001 7.3 7.1  0.18 
2002 10.9 11.3  0.16 
2003 11.1 11.5  0.17 
2004 12.4 12.8  0.13 
SERF 
2005 9.8 10.4  0.01 
 Mean 9.8 10.0  0.27 
1994 10.8 10.5  0.31 
1995 10.4 10.2  0.21 
1996 10.2 9.9  0.09 
1997 10.9 10.8  0.47 
1998 11.5 11.4  0.53 
1999 8.4 8.4  0.66 
2000 9.4 9.3  0.72 
2001 10.1 10.0  0.71 
2002 8.4 8.2  0.68 
2003 7.9 7.3  0.01 
2004 14.3 14.3  0.81 
SWRF 
2005 13.1 13.6  0.02 
  Mean 10.4 10.3   0.66 
 
 38
Table 1-7. Soybean grain yield as affected by P fertilization and rate (means across 
tillage and placement methods). 
                           
  P Rate  Statistics† 
Site Year 0 kg ha-1 14 kg ha-1 28 kg ha-1  Fert Rate 
  ------------------ Mg ha-1 --------------  ---- P > F ---- 
1994 3.7 3.7 3.8  0.71 0.98 
1995 2.9 2.9 2.9  0.77 0.57 
1996 4.3 4.2 4.2  0.60 0.92 
1997 4.2 4.2 4.1  0.87 0.59 
1998 4.2 4.2 4.2  0.93 0.99 
1999 3.7 3.6 3.6  0.35 0.61 
2000 3.9 3.9 3.9  0.88 0.48 
2001 3.8 3.7 3.7  0.15 0.80 
2002 3.6 3.6 3.5  0.84 0.91 
2003 2.9 2.8 2.7  0.06 0.27 
2004 3.7 3.9 3.8  0.01 0.32 
NERF 
2005 4.7 4.5 4.5  0.12 0.64 
 Mean 3.8 3.8 3.7  0.78 0.58 
1994 3.0 3.2 3.1  0.31 0.32 
1995 3.6 3.6 3.8  0.11 0.19 
1996 2.7 3.1 3.0  0.01 0.74 
1997 2.7 2.9 3.0  0.01 0.17 
1998 2.8 3.3 3.4  0.01 0.44 
1999 2.9 3.4 3.5  0.01 0.11 
2000 2.7 3.4 3.5  0.01 0.58 
2001 2.7 3.2 3.3  0.01 0.11 
2002 2.6 3.3 3.4  0.01 0.17 
2003 2.0 2.4 2.5  0.01 0.35 
2004 2.2 3.2 3.5  0.01 0.02 
NIRF 
2005 2.7 3.2 3.3  0.01 0.07 
 Mean 2.7 3.2 3.3  0.01 0.16 
1994 2.4 2.7 2.8  0.01 0.01 
1995 2.7 2.9 2.9  0.05 0.91 
1996 1.9 2.2 2.2  0.01 0.38 
1997 2.4 2.7 2.8  0.01 0.17 
1998 2.6 3.1 3.1  0.01 0.85 
1999 2.8 3.2 3.3  0.01 0.20 
2000 2.0 2.8 2.9  0.01 0.12 
2001 2.5 2.9 3.0  0.01 0.15 
2002 2.0 3.0 3.2  0.01 0.01 
2003 2.3 2.6 2.7  0.01 0.02 
2004 1.2 2.0 2.0  0.01 0.88 
NWRF 
2005 3.0 3.7 3.7  0.01 0.86 
  Mean 2.3 2.8 2.9  0.01 0.32 
 † Fert, comparison of control (0) vs. fertilized plots; Rate, comparison of the two P rates.
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Table 1-7. continued 
                           
  P Rate  Statistics 
Site Year 0 kg ha-1 14 kg ha-1 28 kg ha-1  Fert Rate 
  ------------------ Mg ha-1 --------------  ---- P > F ---- 
1994 3.8 3.8 3.9  0.60 0.17 
1995 4.0 4.0 4.1  0.83 0.30 
1996 3.3 3.3 3.3  0.73 0.56 
1997 3.8 3.8 3.9  0.65 0.98 
1998 4.0 4.1 4.1  0.16 0.83 
1999 3.8 3.9 4.0  0.01 0.89 
2000 3.1 3.1 3.2  0.18 0.72 
2001 3.5 3.5 3.6  0.23 0.72 
2002 3.2 3.3 3.3  0.30 0.48 
2003 2.9 3.1 3.0  0.05 0.60 
2004 3.6 3.8 3.9  0.01 0.61 
SERF 
2005 3.5 3.5 3.7  0.10 0.06 
 Mean 3.5 3.6 3.6  0.03 0.31 
1994 4.2 4.1 4.1  0.18 0.36 
1995 3.6 3.6 3.6  0.52 0.63 
1996 3.7 3.7 3.6  0.92 0.50 
1997 4.0 4.0 4.0  0.33 0.83 
1998 3.5 3.5 3.4  0.78 0.01 
1999 4.2 4.2 4.3  0.68 0.28 
2000 2.8 2.9 2.8  0.98 0.36 
2001 3.1 3.4 3.6  0.01 0.01 
2002 1.8 1.8 1.9  0.32 0.37 
2003 2.0 2.0 2.0  0.91 0.62 
2004 3.9 4.2 4.2  0.01 0.91 
SWRF 
2005 4.1 4.2 4.2  0.05 0.81 
  Mean 3.4 3.4 3.5  0.01 0.23 
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Table 1-8. Corn grain yield as affected by P fertilization and rate (means across tillage 
and placement methods).  
                           
  P Rate  Statistics† 
Site Year 0 kg ha-1 14 kg ha-1 28 kg ha-1  Fert Rate 
  ------------------ Mg ha-1 --------------  ---- P > F ---- 
1994 8.7 9.1 8.8  0.26 0.18 
1995 7.0 7.0 6.9  0.77 0.48 
1996 10.6 10.1 10.4  0.07 0.08 
1997 11.0 10.9 10.9  0.89 0.72 
1998 10.2 10.3 10.3  0.77 0.90 
1999 10.7 10.5 10.9  0.98 0.12 
2000 10.9 10.8 10.8  0.52 0.82 
2001 11.5 11.6 11.5  0.74 0.67 
2002 12.2 12.6 12.4  0.19 0.17 
2003 8.3 8.2 8.8  0.57 0.13 
2004 12.4 12.3 12.5  0.86 0.58 
NERF 
2005 12.0 12.3 12.2  0.30 0.50 
 Mean 10.4 10.5 10.5  0.74 0.74 
1994 9.7 9.6 9.9  0.85 0.16 
1995 8.7 9.4 9.4  0.03 0.92 
1996 9.0 9.5 9.6  0.01 0.74 
1997 6.9 7.4 7.2  0.19 0.37 
1998 8.9 9.4 10.0  0.02 0.04 
1999 9.4 10.6 10.9  0.01 0.38 
2000 8.8 9.8 9.9  0.01 0.78 
2001 7.0 9.0 9.4  0.01 0.41 
2002 7.9 9.3 9.7  0.01 0.21 
2003 9.2 11.7 12.0  0.01 0.50 
2004 8.7 10.5 11.2  0.01 0.01 
NIRF 
2005 6.9 9.7 10.0  0.01 0.70 
 Mean 8.4 9.6 9.9  0.01 0.16 
1994 7.8 9.0 9.1  0.01 0.94 
1995 6.3 7.1 7.3  0.01 0.28 
1996 5.9 7.6 8.1  0.01 0.07 
1997 6.4 8.9 9.2  0.01 0.21 
1998 8.5 9.8 9.8  0.01 0.72 
1999 7.8 9.7 9.9  0.01 0.32 
2000 5.9 7.9 8.6  0.01 0.03 
2001 6.4 8.3 8.8  0.01 0.01 
2002 6.4 8.0 8.5  0.01 0.02 
2003 7.7 9.9 10.1  0.01 0.46 
2004 5.8 6.0 6.2  0.13 0.19 
NWRF 
2005 5.9 8.0 8.2  0.01 0.44 
  Mean 6.7 8.3 8.6  0.01 0.04 
† Fert, comparison of control (0) vs. fertilized plots; Rate, comparison of the two P rates.
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Table 1-8. continued 
                           
  P Rate  Statistics 
Site Year 0 kg ha-1 14 kg ha-1 28 kg ha-1  Fert Rate 
  ------------------ Mg ha-1 --------------  ---- P > F ---- 
1994 9.9 10.1 9.9  0.83 0.75 
1995 7.9 7.6 7.8  0.56 0.48 
1996 9.5 9.2 9.5  0.54 0.27 
1997 9.2 9.4 9.3  0.60 0.45 
1998 8.9 8.7 8.3  0.20 0.16 
1999 10.8 11.6 11.4  0.01 0.17 
2000 10.1 10.3 10.3  0.45 1.00 
2001 7.3 7.2 7.1  0.28 0.89 
2002 10.6 11.2 11.0  0.06 0.67 
2003 10.9 11.3 11.4  0.06 0.60 
2004 12.2 12.5 12.6  0.16 0.59 
SERF 
2005 9.0 10.0 10.2  0.01 0.36 
 Mean 9.7 9.9 9.9  0.26 0.93 
1994 10.9 10.7 10.6  0.42 0.52 
1995 10.3 10.4 10.3  0.91 0.55 
1996 9.9 10.1 10.1  0.20 0.80 
1997 10.7 10.8 10.9  0.47 0.90 
1998 11.8 11.5 11.3  0.19 0.28 
1999 8.3 8.3 8.5  0.69 0.21 
2000 9.2 9.2 9.4  0.59 0.42 
2001 9.9 10.1 9.9  0.67 0.48 
2002 8.6 8.2 8.4  0.26 0.47 
2003 7.6 7.4 7.7  0.87 0.25 
2004 13.8 14.3 14.3  0.03 0.75 
SWRF 
2005 12.2 13.4 13.3  0.01 0.77 
  Mean 10.2 10.4 10.4  0.69 0.94 
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Table 1-9. Stratification Index (SI) as affected by tillage and P fertilization for plots 
receiving no P (control) or 28 kg P ha-1. 
           
    Chisel   No-till   Statistics† 
Site Year P No P   P No P   Tillage P T by P 
         ---------- P > F ---------- 
1994 1.21 1.20  1.28 1.12  0.88 0.14 0.18 
1995 1.33 1.10  1.33 1.24  0.17 0.01 0.15 
1996 1.31 1.18  1.47 1.17  0.25 0.01 0.19 
1997 1.42 1.18  1.44 1.18  0.86 0.01 0.82 
1998 1.42 1.20  1.49 1.18  0.60 0.01 0.29 
1999 1.33 1.12  1.42 1.17  0.12 0.01 0.59 
2000 1.43 1.21  1.50 1.19  0.71 0.01 0.25 
2001 1.34 1.29  1.54 1.27  0.23 0.05 0.13 
2002 1.56 1.33  1.53 1.19  0.43 0.01 0.43 
2003 1.37 1.23  1.65 1.28  0.12 0.01 0.01 
2004 1.31 1.16  1.56 1.28  0.02 0.01 0.35 
NERF 
2005 1.27 1.24  1.62 1.19  0.02 0.01 0.01 
 Mean 1.36 1.20  1.48 1.20     
1994 1.37 1.20  1.33 1.15  0.34 0.01 0.87 
1995 1.39 1.10  1.28 1.05  0.13 0.01 0.51 
1996 1.50 1.22  1.44 1.17  0.59 0.02 0.96 
1997 1.48 1.14  1.48 1.12  0.84 0.01 0.88 
1998 1.47 1.28  1.46 1.14  0.57 0.08 0.64 
1999 1.38 1.06  1.46 1.05  0.52 0.01 0.43 
2000 1.50 1.17  1.40 1.12  0.23 0.01 0.65 
2001 1.44 1.19  1.38 1.04  0.12 0.01 0.20 
2002 1.53 1.28  1.53 1.06  0.20 0.01 0.22 
2003 1.45 1.16  1.48 1.06  0.47 0.01 0.02 
2004 1.55 1.33  1.53 1.07  0.13 0.01 0.06 
NIRF 
2005 1.56 1.16  1.54 1.22  0.82 0.01 0.63 
 Mean 1.47 1.19  1.44 1.10     
1994 1.46 1.31  1.56 1.46  0.30 0.06 0.60 
1995 1.37 1.29  1.46 1.21  0.95 0.06 0.26 
1996 1.66 1.26  1.60 1.29  0.68 0.01 0.28 
1997 1.65 1.15  1.60 1.13  0.22 0.01 0.58 
1998 1.63 1.24  1.65 1.29  0.68 0.01 0.89 
1999 1.59 1.21  1.65 1.11  0.43 0.01 0.01 
2000 1.71 1.28  1.82 1.27  0.23 0.01 0.19 
2001 1.65 1.39  1.75 1.14  0.16 0.01 0.01 
2002 1.75 1.37  1.79 1.27  0.63 0.01 0.19 
2003 1.60 1.25  1.77 1.19  0.28 0.01 0.03 
2004 1.70 1.29  1.79 1.39  0.23 0.01 0.96 
NWRF 
2005 1.72 1.24  1.76 1.06  0.05 0.01 0.01 
 Mean 1.62 1.27  1.68 1.23     
† Tillage, tillage main effect; P, P main effect; T by P, tillage by placement interaction. 
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Table 1-9. continued 
           
    Chisel/disk   No-Till   Statistics (P > F) 
Site Year P No P   P No P   Tillage P T by P 
           
1994 1.28 1.18  1.33 1.25  0.49 0.33 0.93 
1995 1.37 1.25  1.41 1.23  0.81 0.01 0.30 
1996 1.29 1.15  1.42 1.23  0.03 0.01 0.57 
1997 1.35 1.15  1.46 1.26  0.14 0.01 0.94 
1998 1.35 1.14  1.54 1.27  0.01 0.01 0.25 
1999 1.25 1.14  1.40 1.20  0.06 0.01 0.36 
2000 1.33 1.13  1.57 1.15  0.02 0.01 0.04 
2001 1.26 1.19  1.51 1.16  0.01 0.01 0.00 
2002 1.43 1.17  1.71 1.33  0.00 0.01 0.12 
2003 1.20 1.18  1.38 1.21  0.29 0.27 0.35 
2004 1.33 1.22  1.70 1.35  0.01 0.01 0.01 
SERF 
2005 1.14 1.17  1.20 1.20  0.84 0.94 0.95 
 Mean 1.30 1.17  1.47 1.24     
1994 1.27 1.30  1.43 1.36  0.14 0.58 0.26 
1995 1.54 1.44  1.56 1.45  0.71 0.02 0.98 
1996 1.44 1.33  1.57 1.29  0.25 0.01 0.07 
1997 1.55 1.40  1.67 1.42  0.08 0.01 0.14 
1998 1.37 1.34  1.61 1.34  0.18 0.03 0.05 
1999 1.44 1.27  1.56 1.34  0.15 0.01 0.71 
2000 1.50 1.30  1.59 1.33  0.42 0.01 0.40 
2001 1.54 1.36  1.61 1.36  0.52 0.01 0.44 
2002 1.38 1.34  1.73 1.41  0.01 0.01 0.01 
2003 1.51 1.35  1.56 1.36  0.56 0.01 0.66 
2004 1.41 1.24  1.68 1.48  0.00 0.01 0.77 
SWRF 
2005 1.49 1.31  1.62 1.26  0.55 0.01 0.20 
 Mean 1.45 1.33  1.60 1.37     
 
 44
Table 1-10. Models for relationships between relative yield and soil-test P. 
No-till Corn 
Depth Model† Equation R2 CL‡ 
cm    mg P kg-1 
QP 58.7 + 3.92x - 0.093x2 0.67 21 0-7.5 
LP 63.9 + 2.36x 0.67 15 
QP 54.8 + 5.49x - 0.167x2 0.67 16 0-15 
LP 61.1 + 3.22x 0.69 12 
Chisel Corn 
QP 72.9 + 1.87x - 0.031x2 0.56 30 0-7.5 
LP 72.0 + 1.80x 0.56 15 
QP 68.1 + 3.28x - 0.084x2 0.58 19 0-15 
LP 68.0 + 2.60x 0.58 12 
No-till Soybean 
QP 41.1 + 8.70x - 0.331x2 0.68 13 0-7.5 
LP 54.1 + 4.25x 0.69 10 
QP 37.8 + 11.01x - 0.502x2 0.68 11 0-15 
LP 51.7 + 5.44x 0.69 9 
Chisel Soybean 
QP 56.5 + 4.32x - 0.110x2 0.69 20 0-7.5 
LP 65.2 + 2.25x 0.7 15 
QP 59.6 + 4.78x - 0.146x2  0.64 16 0-15 
LP 66.9 + 2.60x 0.65 12 
† QP, quadratic-plateau; LP, linear-plateau. Intercept of equation is not shown. X 
represents soil-test P (mg P kg-1).  All models were significant at P ≤ 0.01. 
‡ Soil-test P (Bray-1) critical level (mg P kg-1). 
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Figure 1-1. Soybean yield ratios versus stratification index (SI).   
CH, chisel disk tillage; NT, no-till; S, planter band; B, broadcast; 1 and 2; rates of 14 and 28 
kg P ha-1.  No linear or curvilinear trend was significant (P ≤ 0.05) and R2 values were 
0.0007, 0.0410, 0.0028, and 0.0662 for chisel S1 vs. B1, chisel S2 vs. B2, no-till S1 vs. B1, 
and no-till S2 vs. B2, respectively.  
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Figure 1-2. Corn yield ratios versus stratification index (SI).   
CH, chisel disk tillage; NT, no-till; S, planter band; B, broadcast; 1 and 2, rates of 14 and 28 
kg P ha-1.  No linear or curvilinear trend was significant (P ≤ 0.05) and R2 values are 0.0004, 
0.0001, 0.0025, and 0.0002 for chisel S1 vs. B1, chisel S2 vs. B2, no-till S1 vs. B1, and no-
till S2 vs. B2 respectively.   
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Figure 1-3. Relationship between relative crop yield and soil-test P.   
CL, critical level determined by a quadratic plateau model. 
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CHAPTER 3:  Relationships Between Phosphorus Fertilizer Placement, 
Grain Phosphorus Removal, and Soil-Test Phosphorus in No-Till Managed 
Corn-Soybean Rotations 
 
A paper to be submitted to Soil Science Society of America Journal 
Jacob R. Prater and Antonio P. Mallarino 
ABSTRACT 
Increased importance of conservation tillage and erosion control for agronomic and 
environmental P management requires a better understanding of P cycling in agricultural 
systems and its effects on crop yield, P removal, and soil test values under no-till 
management.  A study established in 1994 at five locations across Iowa was conducted for 12 
years to gain a better understanding of P dynamics in corn-soybean rotations.  The study used 
broadcast and planter-band placement methods and multiple P rates to determine long-term 
effects on soil-test P (STP), grain yield, and P removal with harvest.  Phosphorus rates based 
on existing estimates of P removal slightly increased STP over time as yield estimates were 
too high, while those below it decreased STP.  Phosphorus placement had very infrequent 
and negligible effects on yield.  Phosphorus fertilization increased P removal mainly through 
increasing yield.  Grain P concentration was uncorrelated with grain yield and poorly 
correlated with STP across sites.  Average grain P concentration estimates used in Iowa for 
soil P maintenance (2.9 and 5.8 g kg-1 P for corn and soybean) were among the highest 
concentrations observed.  The predicted crop P removal value for a 1 mg P kg-1 STP decrease 
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was 21.7 kg P ha-1 when no P was applied.  Phosphorus additions (disregarding P removal) of 
11.8 kg P ha-1 were required to increase STP 1 mg P kg-1 across all sites.  
INTRODUCTION 
 Phosphorus has an important role in agriculture and environmental quality being both 
a necessity for crop production and a pollutant in surface waters.  Therefore, it needs to be 
well managed and used efficiently.  Phosphorus is considered a non-point-source pollutant 
and is much less mobile than nitrate, the most common form of N transported to surface or 
ground water resources.  For this reason, controlling surface runoff and soil erosion are 
among the best known practices to limit P movement into surface-water resources.  One 
widely used tool for controlling these processes is crop residue management.  In no-till 
farming crop residues cover the surface of the soil and little erosion and surface runoff occur, 
therefore, limiting offsite P loss.  However, in no-till there is also limited mixing of both P 
recycled in crop residues and applied P with the soil, and this leads to accumulation of P at or 
near the soil surface and a stratified condition.  This stratification has been shown by 
numerous studies (Shear and Moschler, 1969; Griffith et al., 1977; MacKay et al., 1987; 
Karlen et al., 1991; Robbins and Voss, 1991).   
There has been much discussion in published research as to the consequences of this 
stratification for crop production and P fertilizer use efficiency.  Stratification could present a 
problem when surface layers dry out and leave accumulated P out of the effective reach of 
plant roots, but in wetter conditions the availability of P to plants may not be affected 
because there would be higher root activity at or near the soil surface.  In these instances, 
subsurface P application could increase fertilizer use efficiency and yield.  Subsurface P 
placement is thought to alleviate stratification-caused P deficiency by concentrating P below 
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the soil surface where it could be more available to young roots compared with a broadcast 
application.  This placement method could result in early plant growth enhancement that 
could alleviate the effects of low spring soil temperatures in no-till soils with high residue 
accumulation.  At the same time, localizing the P could minimize retention by limiting the 
soil-fertilizer contact area and increase use efficiency.  Some research has observed reduced 
P and K availability as a consequence of stratification that was alleviated by subsurface 
placement methods (Hairston et al., 1990; Lauson and Miller, 1997; Eckert and Johnson, 
1985).  However, several other studies showed small and infrequent decreases in P and K 
availability for crops due to stratification (Singh et al., 1966; Moschler and Martens, 1975; 
Belcher and Ragland, 1972).  Iowa research since the 1990s showed that deep-band K 
increased early K uptake and yield in no-till corn and soybean compared with broadcast or 
planter-band placements but deep-band P only increased early growth and P uptake by plants 
(Bordoli and Mallarino, 1998; Mallarino et al., 1999; Borges and Mallarino, 2000).  For 
example,  Bordoli and Mallarino (1998) concluded that there were no differences among 
deep banding (15 cm), shallow banding (5 cm below and beside the seed), and broadcast P 
fertilizer on yield in soils testing Low and Very Low according to Iowa soil test 
interpretations.  Borges and Mallarino (2000) showed that there was no consistent response 
in soybean yield to P placement.  A study in Tennessee showed no significant difference in 
corn grain yield in both disk tillage and no-till between banded and broadcasted treatments of 
P at a rate of 20 kg ha-1 (Howard et al. 2002).  A recent study in Iowa at five locations 
managed with corn-soybean rotations for 12 years (Prater and Mallarino, 2007, Chapter 2 of 
this Thesis) found infrequent and inconsistent differences in soil-test P (STP) stratification 
for no-till and chisel-disk tillage systems and no consistent yield response to P broadcast and 
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planter-band P placement methods.  They also reported that shallow (7.5 cm) and the 
common deeper (15 cm) sampling explained similar proportions of the variability between 
yield response and STP for no-till and chisel-disk tillage systems, although as expected, the 
critical STP levels were higher for the shallow sampling depth due to stratification. 
Therefore, these results suggest that often stratification is not an issue and does not require 
special management in terms of P placement, but there may be situations where banding is a 
better option than broadcasting, especially if there is a significant erosion risk or the 
probability of a drought is high. 
Fertilizer P needs to be applied to low-testing soils and desirable soil-test P (STP) 
levels need to be maintained by producers in order to maintain crop production at some 
desired economic level.  For this reason it is important to investigate the relationship between 
STP, crop P removal, and P applied in a long term setting as well as the effect of net P 
additions or subtractions on STP.  This will allow producers to make good P management 
choices in a no-till system to both profit and be mindful of environmental impacts.  Current P 
recommendation systems base fertilizer or manure P application on crop removal to maintain 
a desirable STP level.  Moreover, regulatory agencies are basing several environmental P 
regulations on STP and P removal by crop.  Therefore, farmers and nutrient management 
planners need accurate estimates of optimal STP for crops and both yield level and grain P 
concentration to be able to estimate P removal with harvest. 
 Previous studies in Iowa have shown that approximately 8-9 years of corn and 
soybean production without fertilizer addition of P are required before statistically different 
yields are observed in high testing soils (30-40 mg kg-1 Bray-1 P) (Mallarino et al., 1991; 
Webb et al., 1992).  In one of these studies it was determined that an application rate of 16 kg 
 52
ha-1  P could maintain initially Optimum soil test levels of 18 mg P kg-1 (Webb et al., 1992).  
A study in Minnesota showed that rates between 19 and 24 kg P ha-1 could maintain an 
Optimum soil test range of 18 to 20 mg P kg-1 (Randall et al., 1997), while STP increases of 
1 mg kg-1 (Bray-1 P) required 35 and 20 kg P ha-1 in a Webster clay loam and 58 and 26 kg P 
ha-1 in an Aastad clay loam, with P application rates of 24 and 49 kg ha-1 respectively. 
Higher P rates are required to maintain higher STP levels.  Webb et al. (1992) 
reported that 33 kg P ha-1 was required to maintain an STP value of 75 mg P kg-1 contrasting 
the 16 kg P ha-1 required to maintain an STP value of 18 mg P kg-1.  Similarly a study by 
McCollum (1991) showed that annual P replacement fertilizer additions did not maintain a 
high-testing soil (>50 mg kg-1 Mehlich-1 P), while it did maintain STP when the initial level 
was 20 to 24 mg P kg-1 Mehlich-1.  According to a study by Eghball et al. (2003) the rate of 
decrease in extractable soil P is more rapid with higher STP when there is no P application.  
And, in more recent work in three different Iowa soils, two different types of trends in STP 
were observed.  In Webster-Nicollet and Webster-Canisteo soils there was an initial steep 
decrease in the first two years after fertilization was discontinued, from the Optimum class to 
the Low interpretation class, and then a gradual decrease into the Very Low class over the 
next 6 to 10 years (Dodd and Mallarino, 2005).  This was in contrast with results for a 
Kenyon soil included in their study, for which they instead observed a gradual linear 
decrease over time.   
It is clear then that initial STP, P application rate, and soil type directly influence the 
amount of P required to increase or decrease STP a certain amount.  Some of the differences 
between results of the cited studies could be explained by incorporating crop P removal and 
using estimates of net P addition to predict STP changes.  In order to do this it is important to 
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understand the effects of both P application and crop P removal on STP, so that producers 
can make adjustments to their management practices to maintain STP at or near critical 
concentration values, which indicate the STP level above which P additions have a low 
probability of increasing yield or economic benefits. 
 Grain P removal estimates require an analysis of grain P concentrations and what 
affects them as well as good estimations of yield.  Eghball et al. (2003) showed that grain P 
removal and grain yield were highly correlated and that grain P removal was effective in 
reducing STP.  Also in this study they showed that grain P concentration was variable within 
corn and soybean varieties even at STP levels where there were no agronomic impacts on 
yield.  Coupling of grain P removal and fertilizer applications to calculate a net P addition or 
removal along with its relationship to STP change could be a valuable tool for predicting the 
amount of time or net P removal required to lower the STP of a given site a certain amount.  
Leikam (1992) calculated that a net P addition of 9 kg P ha-1 accounted for a 1 mg kg-1 
increase in Bray-1 STP in the north central US.  A study in Quebec showed that a net 
addition of 8.6 kg P ha-1 was required to raise Mehlich-3 STP 1 mg kg-1 regardless of P 
application rate (Zhang et al., 1995).  In addition, these authors also found that when P 
removal was not deducted additions of 11.2 and 13.9 kg P ha-1 were required to raise 
Mehlich-3 STP 1 mg kg-1 when rates of 44 and 132 kg P ha-1, respectively, were used for the 
calculations.  The amount of P required to increase STP by a certain amount could certainly 
be highly variable among different soils, especially since there is a broad range in the types 
of compounds that control the amount of soluble P.  This is often referred to as the P 
buffering capacity of the soil and is analogous to a soils ability to replenish the soluble or 
plant-available forms of P after they have been removed.  Most soil tests are designed to 
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extract both the readily soluble P as well as some of the forms of P that are thought to buffer 
the soluble P in the soil to be tested. 
 Different P fertilizer placement methods could cause differences in grain yield, grain 
P concentration, and grain P removal, which over time will impact STP levels.  Previous 
Iowa research (Prater and Mallarino, 2007, Chapter 2 of this Thesis) found infrequent and 
inconsistent grain yield response to P placement methods for corn and soybean managed with 
no-till and chisel-disk tillage.  However, they did not report treatment effects on grain P 
concentration (GPC), P removal, and long-term STP trends.  Therefore, the goals of this 
study were to determine if P placement methods and P application rates, in corn-soybean 
rotations managed with no-tillage had effects on, GPC and P removal, and to study the 
relationships between these two measurements and grain yield and STP, and further to 
examine the impacts of P addition and removal on STP trends over time. 
MATERIALS AND METHODS 
Locations, Treatments, and Site Management 
 Five long-term experiments were established across Iowa in 1994 to study long-term 
effects of no-till and chisel/disk tillage systems, P fertilizer placement methods, and 
application rates on grain yield and soil properties in corn-soybean rotations.  The P 
placement methods compared until 2005 were broadcast and planter-applied bands.  A deep-
band placement method was discontinued in 2001.  Partial results from the first 4 years of the 
no-till portions of these experiments were published before (Bordoli and Mallarino, 1998; 
Mallarino et al., 1999; Borges and Mallarino, 2000; Mallarino and Borges, 2006).  Recently, 
Prater and Mallarino (2007, Chapter 2 of this Thesis) summarized effects of both tillage 
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treatments and both broadcast and planter-band placement methods on crop yield and STP 
calibrations across 12 years of the study (1994 to 2005).  In this publication, we summarize 
effects of several P rates applied using broadcast and planter-band placement methods on P 
removal with grain harvest and long-term soil-test P trends for no-till plots.  Grain P 
concentration was measured only for selected treatments in plots managed with no-till, and 
neither P removal nor soil-test P trends were published before.  Therefore, we describe only 
methods used for the no-till tillage system and P treatments useful for the study of P removal 
and long-term soil-test P trends.  
The sites were established at five Iowa State research farms, which were the 
Northeast Research Farm (NERF) near Nashua, Northern Research Farm (NIRF) near 
Kanawha, Northwest Research Farm (NWRF) near Sutherland, Southeast Research Farm 
near Crawfordsville, and the Southwest Research Farm near Atlantic.  The sites chosen have 
five typical Iowa soils and included Kenyon (fine-loamy, mixed, superactive, mesic, Typic 
Hapludoll) at NERF, Webster (fine-loamy, mixed, superactive, mesic, Typic Endoaquoll) 
NIRF, Galva (fine-silty, mixed, superactive, mesic, Typic Hapludoll) NWRF, Mahaska (fine, 
smectitic, mesic, Aquertic Argiudoll) at SERF, and Marshall (fine-silty, mixed, superactive, 
mesic, Typic Hapludoll) at SWRF.  Corn-soybean rotations were established at each site by 
establishing two identical and adjacent experimental layouts, planting corn to one and 
soybean to the other, and rotating crops each year.  The study included several P application 
rates, but grain samples were collected only from selected treatments that were 0, 14, and 28 
kg P ha-1 applied every year (granulated triple superphosphate) broadcast (coded B1 and B2) 
or banded with the planter (coded S1 and S2).  A sixth treatment of 56 kg P ha-1 broadcast 
every 2 years was not included in the P removal study but was used for study of STP as will 
 56
be described below.  The combinations of these treatments were replicated three times at 
each site arranged as a randomized, complete block design (RCBD).  The plot widths varied 
from 4.5 to 7.7 m and the length varied from 16 to 18 m long among research farms, but row 
spacing always was 76 cm for both crops.  Planters had residue managers that removed 
residue from the row and planter bands were approximately 25 mm in width and were placed 
5 cm to the side of and 5 cm below the seeds, while broadcast fertilizer was spread by hand. 
Sites were maintained by research farm employees, and corn hybrids, soybean 
cultivars, planting dates, and other crop management practices aside from tillage and P 
application were among those recommended for each location.  Non-limiting N fertilization 
rates were applied each year for corn in the spring at rates slightly higher than current Iowa 
recommendations at the time for corn following soybean.  Nitrogen rates were 160 to 180 kg 
N ha-1 (Iowa recommendations are 112 to 168 kg N ha-1) using anhydrous ammonia at NERF 
and NWRF and urea at other locations.  Potassium fertilizer was applied periodically across 
all plots to maintain K as a non-limiting nutrient at all sites. 
Soil and Grain Measurements 
Before any treatment was applied in 1994, soil sample composites (25 2-cm cores) 
were taken from each replication at each research farm from two depths (0-7.5 cm and 7.5-15 
cm).  The soil samples were dried at 40 C and crushed to pass a 2 mm sieve.  Soil texture was 
measured in a composite of the two depths in order characterize the 0-15 cm soil depth at 
each site, and was loam at NERF, clay loam at NIRF, and silty-clay-loam at other sites.  Soil-
test P was determined using the Bray-1 method following procedures recommended for the 
North Central Region of the U.S. (Frank et al., 1998).  In this method, the sample extracts 
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were analyzed for P by spectrophotometry with the ammonium-molybdate-ascorbic acid 
method (Murphy and Riley, 1962).  Soil-test K was determined using the ammonium acetate 
method, OM was determined using the Walkley-Black method, and pH in a 1:1 soil:water 
ratio were determined in accordance with procedures recommended for the North Central 
Region of the U.S. in chapters of the North Central Region Publication 221 (Brown, 1998).  
The initial soil-test values are shown in Table 2-1.  Thereafter, soil samples were collected in 
the fall after harvest each year (October or November) and before annual P treatment 
application.  The samples were collected from the non-fertilized plots (controls) from both 
corn and soybean plots, from plots with soybean residue receiving the B2 treatment (28-kg 
annual rate) until 2000, and since 2001 from plots with soybean residue receiving the B3 
treatment (56-kg biennial rate).  The samples (12 to 15 2-cm cores) were collected at random 
from 0-7.5 cm and 7.5-15 cm soil depths.  Soil-test P was determined in duplicate samples as 
described above.  Iowa State University STP interpretations will be used in later discussions 
(Sawyer et al., 2002).  The five classes are (mg P kg-1) Very Low ≤ 8, Low 8 to 15, Optimum 
16 to 20, High 21 to 30, and Very High > 30. 
Grain yield was measured using a plot combine, and corn yield was adjusted to 15.5 
% moisture and soybean yield to 13 % moisture.  Only the central 3-4 rows by 15 m were 
harvested from the plots at each research center.  Sub-samples of grain, for both crops, were 
taken from the harvested area of each plot for use in the determination of grain P 
concentration.  These samples were dried at 65 C and ground in a flour mill.  The dried grain 
samples were digested using a nitric acid hydrogen-peroxide method and analyzed using 
inductively coupled plasma atomic absorption spectroscopy for total P content (Huang and 
Schulte, 1985). 
 58
Statistical Analysis 
Statistical analyses were carried out for data from each site-year using the PROC 
GLM procedure in SAS for both yield and grain P concentration (GPC) for a RCBD.  Least 
significant differences (LSD) were used to compare treatment means when the main effect of 
P treatments was significant at P ≤ 0.05.  Regression analyses were conducted to describe 
simple relationships (x and y variables) among crop yield, grain P concentration, grain P 
removal, and STP and STP trends over time for each site.  Curvilinear trends (quadratic or 
logarithmic equations) are shown only when the residual sums of squares of the curvilinear 
model were significantly smaller than those for a linear model.  The models were fit to 
treatment means across replications for each site and year. 
RESULTS AND DISCUSSION 
Phosphorus Placement and Rate Effects on Grain Yield 
 Results for corn and soybean yields will only be briefly presented and discussed as 
they were analyzed in detail by Prater and Mallarino (2007, Chapter 2 of this Thesis) while 
studying effects of tillage systems (chisel/disk and no-till) and P placement methods on grain 
yield.  Table 2-2 shows the P treatment effects on corn and soybean grain yield across sites 
and years.  Sites initially testing High and Very High in STP (NERF and SERF) show 
infrequent and small yield responses to P application rate and placement method.  At NERF, 
there was a crop response to P fertilizer (P ≤ 0.05) in 1999, when the high P rate broadcast or 
banded increased corn yield over the control.  At SERF, crop responses to P were observed in 
1999 and 2005 for corn and in 1994 for soybean.  Most P treatments increased yield over the 
control and LSD indicated no clear differences between P rates or placement methods. The 
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site initially testing Very Low in STP (NWRF) showed very consistent responses to P 
application across all years of the study, but infrequently exhibited small P rate and 
placement method effects.  The LSD test indicated clear rate effects in 1994 when soybeans 
responded to additional P.  Placement method differences were only clear in 1996 for 
soybean when both banded treatments were higher than the high broadcast rate, but the low 
banded rate did not statistically increase yield over the low broadcast rate.  Additionally at 
this site there was a placement by rate interaction in the first year of the study causing a yield 
increase in soybean to additional P within each placement.  The sites initially testing Low in 
STP (NIRF and SWRF) showed increasing responses to P application toward the end of the 
study.  This is likely due to declining STP in the control plots further into the Low and Very 
Low STP interpretation classes.  At NIRF there were responses to P application beginning in 
1999 and thereafter fairly consistently until the end of the study in corn and soybean.  There 
was one clear rate within placement response at this site in soybean in 2001 as well where 
there was a yield increase with additional P application within the two placement methods.  
At SWRF there were two clear responses in yield in soybeans toward the end of the study in 
2001 and 2004 and in corn there was one in the last year of the study. 
In summary, most responses were to P fertilization with no consistent significant 
differences between P rates or placement methods.  The timing and frequency of yield 
responses to P application were dependent on initial STP and probably STP decline in control 
plots over time.  The sites that showed the greatest number of years with responses to 
fertilization were those initially with Low and Very Low STP interpretation classes (NIRF, 
NWRF, and SWRF).  Other sites initially testing High and Very High seldom showed a yield 
response, with only occasional responses in the most recent years.  This agrees with previous 
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research in Iowa (Mallarino et al., 1991; Webb et al., 1992; Dodd and Mallarino, 2005) 
which showed that 8 to 9 years were required before a yield response occurred in a high-
testing soil. 
Grain Phosphorus Concentration  
All five sites frequently showed statistically significant effects of P treatments on 
GPC of corn and soybean during the 12 years of this study (Table 2-2).  Soybean GPC 
responses included numerous responses to P fertilization and a few to P application rate, but 
there were no clear or consistent responses to placement at any site.  At NERF there were no 
clear responses until 2003, aside from isolated and seemingly random increases for the S2 
and B1 treatments in 1994 and 2002.  In 2003 and 2005, GPC was increased by all P 
fertilized treatments.  In 2004, GPC was clearly increased only by the B2 treatment and 
somewhat increased by the B1 treatment, with neither banded treatment differing from the 
control.  The NIRF site showed more consistent soybean GPC responses to P, but differences 
between the individual treatments often were not clear.  At this site there were seven 
responses to fertilization (in 1997 and from 1999 through 2004); P rate effects in 1999, 2003, 
and 2004, increases due to the high rate in 1996, and in 2000 there were increases with 
additional P within each placement.  The numerous responses to P application are likely due 
to the initially Low STP class at this site.  The NWRF site showed soybean GPC responses to 
fertilizer additions in seven years (1998-2004) and in 2001 there was a difference between 
rates within each placement.  2003 showed an additional increase in the high broadcast rate 
over all other treatments except the S2.  These consistent responses to fertilizer application 
are explained by the initially Very Low STP at this site.  The SERF site did not show any 
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clear statistical differences in soybean GPC until 2001, when responses to P fertilization 
began to be observed.  Other isolated small responses at this site included an increase in GPC 
due to the B2 treatment in 1995 and 1997.  The SWRF site showed no clear responses in 
soybean GPC until 2002, when P fertilization began to increase GPC until the end of the trial 
in 2005.  The increasing trend towards P application responses toward the end of trials at 
SERF and SWRF are likely due to declining STP in the control plots.  In summary, most 
responses of soybean GPC were due to P fertilization and not to the placement method with a 
total of 24 site years in all, which were most common at initially Low and Very Low STP 
(NIRF, NWRF, and SWRF) sites with increasing responses at other sites (NERF and SERF) 
toward the end of the study. 
Statistical responses to P application, rate, and placement were less common in corn 
(Table 2-3).  There were only seven clear responses to P fertilizer application with one at 
NIRF (in 2000), four at NWRF (in 1998, 2001, 2003, and 2004), and one at SERF (in 2002).  
These were accompanied by one clear rate response in 2003 at NWRF.  There were also 
several instances where the highest P rates in both banding and broadcast methods tended to 
produce higher GPC than that of the control (once at NIRF in 2003 and three times at NWRF 
in 1996, 1997, and 1999).  Corn GPC was only consistently affected by P fertilization at the 
lowest initial STP site (NWRF), which was also the only site to show a clear rate effect on 
GPC as well.  This is likely due to the Very Low initial STP conditions at this site. 
 In summary, P application method never had a clear effect on GPC in either crop and 
clear P fertilization effects were only observed at sites with Low and Very Low initial STP 
interpretation classes.  Phosphorus fertilization effects on GPC were much more common in 
soybean than corn. 
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Soil-Test Phosphorus and Grain P Concentration 
 The relationship between STP (in the 0-15cm depth) and GPC for both crops shows a 
response with an initial rapid increase at low STP and then a gentle increase that flattens out 
to some degree (Fig. 2-1).  Although GPC differed between crops, both corn and soybean 
GPC responded similarly to STP increases and, thus, they will be summarized together.  The 
relationship between GPC and STP is clearly non-linear with an initial rapid increase with 
STP similar to the trend found for yield in these trials (Prater and Mallarino, 2007, Chapter 2 
of this Thesis), which likely is related to some level of P deficiency.  In the next portion of 
the curve there are small increases in GPC per unit STP increase and then a plateau is likely 
to represent high sufficiency levels first and then possible luxury P uptake in grain.  The only 
contrasting feature between crops, aside from higher GPC in soybean than corn, is that the 
GPC for soybean shows a steeper curve and better relationship with STP (higher R2).  
However, this is probably a result of the STP data for soybean not covering the same range as 
that for corn (lower STP), which agrees with more consistent responses to P application for 
soybean than for corn as discussed in the previous section.  The STP levels where GPC 
appears to reach a sufficient level (which were not determined given the response shapes) are 
near the critical STP levels for yield of corn-soybean rotations in Iowa of 16 to 20 mg P kg-1 
(Sawyer et al., 2002) and levels determined from these trials (Prater and Mallarino, 2007, 
Chapter 2 of this Thesis).  Although the range of STP for soybean precludes any reasonable 
estimate of luxury P uptake in grain, the results for corn suggests unlikely luxury P uptake 
into grain because GPC did not consistently increase with increasing STP levels after 20 to 
30 mg P kg-1. 
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Relationships between Grain P Removal, Grain P Concentration, and Grain Yield 
Grain P removal was calculated from grain yield and GPC and treatment effects on 
removal are not shown in tables or discussed as was done for yield or GPC because responses 
combined the effects of yield and GPC.  There was a strong linear correlation between grain 
P removal and yield in both soybean and corn (Fig. 2-2) that explained a large proportion of 
the variability in P removal (R2 = 0.73 and 0.75).  Grain P removal and grain P concentration 
were linearly related in both soybean and corn as well (Fig. 2-3), but the relationship was 
poorer and explained a smaller proportion of the P removal variability (R2 = 0.40 and 0.50).  
This was obviously due to stronger effects of yield level variation than GPC variation in 
determining grain P removal, and suggests large GPC variation is unrelated to yield level. 
Figure 2-4 shows the relationship between grain yield and GPC for both crops.  There 
was no significant relationship and both crops R2 values were < 0.10.  The mean GPC values 
determined in this study are 5.7 g P kg-1 for soybean grain and 2.4 g P kg-1 for corn grain.  
These values are slightly lower than the current values assumed in Iowa for P management of 
5.8 g P kg-1 for soybean and 2.9 g kg-1 for corn (Sawyer et al., 2002) but within values 
reported in other Iowa studies (Mallarino, 1996).  It is likely that the current accepted values 
included some higher STP sites and application rates, as the relationship between STP and 
GPC suggested luxury P uptake, at least for corn. 
The relationships described lead to the conclusion that good estimations of yield are 
more important for determining grain P removal than GPC and, thus, an average GPC value 
could be determined and applied to yield estimates to calculate P removal for P fertilizer 
management based on removal.  However, the results showed a large variation in GPC, 
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which suggests a need for better understandings of factors that affect GPC in order to 
improve removal estimates. 
Trends over time for grain yield, GPC, and grain P removal are depicted in Fig.s 2-5 
and 2-6 for soybean and corn, respectively.  To simplify the presentation of results, data 
shown were averages for sites responsive in yield and non-responsive sites.  The responsive 
sites for each crop were defined as those showing frequent and consistent responses in yield 
to P application.  For soybean responsive sites were NIRF, NWRF, SERF, and SWRF and 
the non-responsive site was NERF.  For corn responsive sites were NIRF and NWRF and 
non-responsive sites were NERF, SERF, and SWRF.  
The trends for the responsive soybean sites show increasing responses to P fertilizer 
application with time in grain yield, GPC, and grain P removal compared with the control 
(P0) treatment (Fig. 2-5).  They also show little or no difference between P placement 
methods for all three measurements and a clear increase in response of GPC and grain P 
removal to P application and rates over time.  The trends for grain P removal are the obvious 
result of trends in yield and GPC.  In contrast the non-responsive site (NERF) shows similar 
trends in grain yield and grain P removal for each treatment, while GPC was highly variable 
at first and then began to show clear signs of a response to P application in later years.  This 
one non-responsive site was the one initially testing highest in STP.  As the STP level of the 
control plots declined over time there was less P to be taken up into the grain, but not yet 
enough of a decline in STP to affect grain yield, which provides some evidence for luxury 
uptake of P in soybean, which we could not confirm by previous relationships.  
Trends in corn grain yield, GPC, and grain P removal (Fig. 2-6) show a very similar 
outcome to those observed for soybean.  The differences in GPC and grain P removal 
 65
between the fertilized treatments and the control increased with time in the sites that showed 
consistent yield responses to P application (NIRF and NWRF).  And, conversely, little 
difference in sites that were not consistently responsive.  There was still a small increase in 
GPC and grain P removal toward the end of the study in the non-responsive sites as was the 
case for soybean, and likely for similar reasons as the non-responsive sites had higher initial 
STP levels than the responsive sites.  These trends confirm luxury P uptake in corn that was 
demonstrated by relationships between GPC and STP because GPC and P removal in corn 
showed a response to P fertilization when grain yield was not clearly affected. 
Major conclusions drawn from the trends of grain yield, P removal, and GPC over 
time include that there can be GPC and P removal responses to P application when STP is 
sufficient for grain yield production, and that there was little or no difference between P 
placement method and P rate effects on yield, GPC, and P removal initially but small 
increases occurred over time due to STP decline in the control plots that will be discussed 
next. 
Soil-Test Phosphorus Trends 
Soil-test P for fertilized or non-fertilized plots showed linear trends over time with no 
site showing a significant fit to a curvilinear model over the linear model at P ≤ 0.05 (Fig. 2-
7).  The R2 values and slopes of regression lines are shown in Table 2-4.  The trends show 
STP decreasing in the control plots and increasing under the 28 kg P ha-1 rate over time.  The 
slopes of the regression lines for the 28 kg P ha-1 rate varied with the different initial STP 
values of each site.  The slope of the STP versus time line at the NERF site (1.31 mg P kg-1 
yr-1) was much more gradual than at other sites, which ranged from 2.20 to 3.72 mg P kg-1 yr-
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1.  The steeper slope of 3.72 mg P kg-1 yr-1 was at the NWRF site, which was also the site 
with the lowest initial STP.  This suggests a rapid level of STP increase when initial STP is 
low and a more gradual increase if it is higher when the same rate is applied.  Given known 
reactions of P in soils one would expect a higher STP increase in high-testing soils for a 
given amount of P applied.  A reasonable explanation for the observed result is the impact of 
yield level and grain P removal (which is primarily affected by yield).  Since yield levels at 
NWRF were the lowest among the sites and then more added P was available to increase 
STP.  Figure 2-8 shows the relationship between grain P removal and STP, and there is 
certainly a clear increase in P removal as STP increases.  This is especially true at low STP, 
which is the case for the NWRF.  This then supports the possibility that lower P removal 
rates at sites low in STP could result in more rapid increases in STP with fertilization.  This 
may not be the only factor though.  Perhaps chemical and mineralogical differences among 
these Iowa soils may also help explain the results.  However, measurements for this study 
(pH and organic matter) and in previous research with soil from these trial sites (Allen and 
Mallarino, 2006) indicated inconsistent and often small differences in pH, organic matter, 
clay, and Mehlich-3-extractable Al, Ca, and Fe that could not clearly explain different STP 
trends.  
Soil-test P of non-fertilized plots decreased over time at all sites (Fig. 2-7).  Although 
all relationships were linear (P ≤ 0.05), there are obvious plateau trends in recent years at all 
sites except the SWRF site.  Previous research over nearly 30 years and involving higher 
initial STP values by Dodd and Mallarino (2005) also showed clearer plateau STP values 
after many years without P fertilization.  Slopes were steeper at NERF and SERF sites, which 
initially tested Very High and High.  The possible explanation before related to yield level 
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and P removal, being higher with higher STP, suggested for different increasing STP trends 
with fertilization likely holds for the more rapid decreasing trend in STP in the control plots 
at these sites as well, as these three sites exhibited the largest negative slopes. 
 When analyzing these STP trends over time for fertilized plots and considering the P 
application rate (28 kg P ha-1 yr-1), it was determined that 11.8 kg P ha-1 were required to 
increase STP 1 mg kg-1 on average over all sites.  These trends are shown in Fig. 2-7 and both 
initial STP values and P rates required to increase STP by 1 mg kg-1 are also reported in 
Table 2-4.  However, this value ranged from 7.5 to 21.4 kg P ha-1 when each site was 
analyzed separately.  Clearly, as the initial STP values of these sites ranged from 7 to 33 mg 
P kg-1 and P removal also varied greatly among sites, there must have been some influence of 
these factors on the amount of P needed to increase STP 1 mg kg-1.  
 Predicting STP change over time is useful for producers to determine when P 
application will be necessary and for regulatory agencies to examine environmental risk and 
necessary remediation.  An equation (Fig. 2-9) was used to determine the trend of P 
drawdown using the estimated grain P removal and used P fertilizer application rates.  
However, no such equation could be determined from the calculated cumulative P changes 
for build up in STP due to high variability in data.  There was a relationship between net P 
removals and STP change in the long term, but this relationship was not clear in the short 
term.  This is likely due to slow and poorly understood P cycling in residues and spatial 
variability in soils, which is the reason for calculating and plotting the parameters 
cumulatively.  There was no clear relationship between STP increase and net P additions 
aside from the fact that positive net addition will increase STP, but due to the variability in 
these sites it was impossible to reasonably predict how much it would increase it.    It is 
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certainly possible that better predictions could be made with a longer term study and more 
and higher P application rates that would over-ride effects introduced by P removal and STP 
variability.  The reasons that STP decreasing trends, which are mainly due to grain P 
removal, showed a clearer relationship than the increasing trends was likely due to the 
absence of fertilizer P additions, smaller impacts of P recycling with crop residue, and larger 
relative impact of P removal.  
A final attempt at determining STP increase from net P additions involved plotting 
averages of net P addition or removal against average STP change (Fig. 2-10) for all 
treatments.  This plot shows a relationship where there was an incremental change in STP 
with each addition or subtraction of 7.4 kg P ha-1.  This result is near those reported in other 
studies of 9 and 8.6 kg P ha-1 (Leikam 1992; Zhang et al. 1995).  It does not explain the 
variability on the positive portion of the x-axis though (the portion showing net P additions) 
and thus is largely an extrapolation from the drawdown data.  A more intensive look into net 
P additions and STP change would be necessary to determine any relationships and would 
likely require some quantification of soil P pools and cycling in addition to constructing a 
mass balance using total P over the long-term to determine a STP build up equation and the 
factors affecting it. 
Despite the lack of a clear STP increase response to net P additions, the equation for 
STP decrease is still useful to give producers and nutrient management planners an idea of 
how long they can maintain yields before reassessing their STP levels or applying P 
fertilizer.  This gives producers an analytical tool that can enhance their efficiency in use of 
P.  The drawdown equation shows that when P is not added, a net P removal of 21.7 kg P ha-1 
will result in a decrease of 1 mg P kg-1 in STP.  Long-term yield averages of the five sites for 
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the control plots were used along with the average GPC for each crop to calculate average 
crop P removal for the 2-year crop rotation.  Using these data, the average grain P removal 
was 21.1 kg P ha-1 yr-1, which corresponds to a STP decrease of 0.97 mg P kg-1 each year.  
This is near the calculated average STP decrease of 0.78 mg P kg-1 each year across all sites 
from the STP data.  This drawdown equation for STP change would likely not be useful in P 
regulation as it was only calculated at agronomic STP levels and would likely not apply at 
the high STP concentrations where regulation is necessary. 
CONCLUSIONS 
 The P placement method was not a significant factor for grain production in corn-
soybean rotation managed with no-till.  Although STP for the band method was not 
measured, subsurface band application may be beneficial for environmental reasons because 
it should limit risk of P loss with soil erosion and surface runoff.  Average GPC estimates 
used in Iowa for soil P maintenance (2.9 and 5.8 g P kg-1 for corn and soybean) were higher 
than the mean observed concentrations observed in this study (2.4 and 5.7 g P kg-1 for corn 
and soybean).  Grain P concentration was commonly increased by P fertilization in soybean 
and less frequently in corn, although there were some differences between application rates at 
sites testing Very Low and Low in STP, there were no clear P placement effects.  Also, GPC 
was correlated with STP showing a rapid increase first followed by a gradual increase, and 
finally a plateau in corn, which was unclear in soybean due to limited range in STP of soil 
samples.  This means that in low testing soils average GPC values will probably overestimate 
P removal. 
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Grain P removal was highly influenced by yield while GPC effected it to a lesser 
degree.  With grain P removal being more influenced by yield than by GPC, is important to 
accurately measure yield in order to estimate grain P removal.  These grain P removal 
estimates can be related to declining STP over time (drawdown) in the long-term, but there is 
too much variability for short-term predictions.  The STP decreases calculated using average 
grain P removal estimates across sites and over the 12 years of this study incorporated into a 
drawdown equation were similar to the observed STP trends over time.  The predicted crop P 
removal value for incremental STP decrease was 21.7 kg P ha-1 when no P was applied.  
Phosphorus additions (disregarding P removal) of 11.8 kg P ha-1 were required to 
incrementally increase STP across all sites at a rate of 28 kg P ha-1 yr-1, but this amount 
varied widely across sites.  Data collected from this study did not allow for a reasonable 
calculation of STP increase from net P additions to the soil due to high variability and 
insufficiently high P application rates.  Further study of STP increase due to net P additions 
could benefit from quantifying soil P pools in conjunction with conducting a P mass balance 
using total P and using higher application rates and longer experiments. 
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Table 2-1. Initial soil data. 
Soil Types and Selected Soil Properties 
Site Soil Series Soil Subgroup 
Organic Matter 
(g kg-1) pH 
NERF Kenyon Typic Hapludoll 0.39 7.1 
NIRF Webster Typic Endoaquoll 0.50 7 
NWRF Galva Typic Hapludoll 0.45 6.3 
SERF Mahaska Aquic Argiudoll 0.45 6.1 
SWRF Marshall  Typic Hapludoll 0.39 5.9 
  
Soil-Test P for Different Depths and Interpretation 
Site 0-7.5 cm 7.5-15 cm 0-15 cm Class† 
 ------------------- mg P kg-1 ---------------------------  
NERF 38 28 33 VH 
NIRF 11 9 10 L 
NWRF 9 5 7 VL 
SERF 26 19 23 H 
SWRF 22 7 15 L 
† The five STP classes are (mg P kg-1) very low (VL) ≤ 8, low (L) 8 to 15, optimum (O) 16 
to 20, high (H) 21 to 30, and very high (VH) > 30. 
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Table 2-2. Soybean and corn yield as affected by placement and rate. 
  Soybean  Corn 
  Treatment  Treatment 
  B1 B2 P0 S1 S2  B1 B2 P0 S1 S2 
SITE YEAR Yield  Yield 
   ------------------ Mg ha-1 -----------------  ------------------ Mg ha-1 ----------------- 
1994 4.1 3.6 3.8 3.8 3.7  9.0 7.9 8.3 8.9 9.1 
1995 3.0 2.8 2.8 2.9 3.1  7.2 7.0 7.0 7.0 6.5 
1996 4.3 4.2 4.2 4.1 4.2  10.0 10.2 10.2 9.7 10.2 
1997 4.2 4.1 4.2 4.2 4.1  10.6 10.7 10.5 10.4 10.6 
1998 4.1 4.3 4.2 4.1 4.1  10.5 10.4 10.1 10.6 10.7 
1999 3.6 3.4 3.7 3.5 3.7  10b 10.9a 9.8b 9.7b 10.3ab
2000 4.0 3.8 4.0 3.9 3.9  10.8 10.7 10.8 10.8 11.0 
2001 3.6 3.6 3.6 3.6 3.4  11.4 11.4 11.1 11.3 11.4 
2002 3.3 3.4 3.5 3.4 3.4  12.4 11.9 11.8 12.2 12.1 
2003 2.6 2.4 2.7 2.5 2.4  8.0 8.0 7.9 6.9 8.6 
2004 3.8 3.7 3.7 3.8 3.7  11.8 11.6 12.1 11.7 11.4 
NERF 
2005 4.5 4.6 4.9 4.7 4.5  11.8 11.8 11.8 12.1 12.3 
1994 3.3 3.2 2.9 3.1 3.1  10.1 10.1 9.7 10.0 9.9 
1995 3.5 3.8 3.6 3.7 3.7  8.9 9.3 8.7 9.1 9.1 
1996 3.1 3.2 2.6 3.1 3.0  9.4 9.5 8.9 9.5 9.6 
1997 2.8 3.0 2.6 2.7 2.9  7.5 7.2 6.7 7.1 7.4 
1998 3.4 3.5 2.8 3.3 3.4  9.4 9.9 9.0 9.0 9.5 
1999 3.3 3.4 2.8 3.1 3.4  10.2a 10.5a 8.8b 10.5a 10.8a 
2000 3.4 3.8 2.6 3.4 3.5  9.5 9.2 8.7 9.6 9.6 
2001 3.0c 3.2b 2.7d 3.1bc 3.3a  8.3 8.6 6.4 9.3 9.0 
2002 3.1a 3.3a 2.3b 3.1a 3.3a  9.0 8.7 7.3 8.2 8.8 
2003 2.4a 2.4a 1.8b 2.3a 2.4a  10.9a 11.6a 8.5b 11a 11.6a 
2004 3ab 3.4a 2.0c 2.9b 3.3ab  10.6b 11.5a 8.2c 10.1b 10.3b 
NIRF 
2005 3.1 3.3 2.7 3.1 3.2  8.9a 10a 5.9b 8.4a 10a 
1994 2.7bc 3.0a 2.5d 2.5cd 2.8b  8.9a 8.8a 7.8b 8.9a 9.1a 
1995 3.0 3.1 2.8 3.0 3.1  7.1 7.1 6.0 6.8 7.0 
1996 2.0bc 1.9c 1.9c 2.2ab 2.3a  7.2a 7.6a 4.8b 7.4a 8.1a 
1997 2.7 2.8 2.3 2.7 2.7  8.4a 9.1a 5.9b 8.7a 8.7a 
1998 3.0a 3.1a 2.6b 3.1a 3.0a  9.7a 9.3a 7.7b 9.4a 9.8a 
1999 3.2 3.3 2.7 3.3 3.3  9.3a 9.5a 7.5b 9.9a 10.0a 
2000 2.7a 3.0a 1.9b 2.9a 3.0a  8.1a 8.1a 5.1b 8.0a 8.4a 
2001 3.0a 3.0a 2.5b 2.9a 3.0a  8.2b 8.8a 6.0c 8.1b 8.2b 
2002 2.7bc 3.0a 1.7c 2.8ab 2.9ab  7.8a 8.4a 5.6b 8.1a 8.5a 
2003 2.6a 2.7a 2.1b 2.5a 2.7a  9.4a 9.7a 6.9b 9.7a 9.3a 
2004 2.2a 2.4a 1.3b 2.2a 2.2a  5.8 5.8 5.5 5.7 6.3 
NWRF 
2005 3.7a 3.7a 2.8b 3.7a 3.7a  7.6b 8.2a 5.3c 7.9ab 7.7ab 
Values followed by the same letter (a, b, c, and d) refer to yields that are not statistically 
different based on LSD at P ≤ 0.05.  Grouping of means using LSD was only done when 
treatment effects were significant at P ≤ 0.05.
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Table 2-2. continued 
  Soybean  Corn 
  Treatment  Treatment 
  B1 B2 P0 S1 S2  B1 B2 P0 S1 S2 
SITE YEAR Yield  Yield 
   ------------------ Mg ha-1 -----------------  ------------------ Mg ha-1 ----------------- 
1994 3.7 3.6 3.7 3.7 3.9  9.6 9.3 9.7 10.2 9.7 
1995 3.9 4.0 4.2 4.1 4.1  8.1 8.1 8.0 7.5 8.1 
1996 3.2 3.2 3.2 3.2 3.3  9.4 9.5 9.5 9.2 9.7 
1997 3.8 3.8 3.8 3.9 3.8  8.9 8.7 9.0 9.4 9.1 
1998 4.0 4.1 3.9 4.1 4.1  8.9 8.1 9.1 8.5 8.7 
1999 4.1 4.0 4.0 4.1 4.0  11.4ab 11bc 10.6c 11.8a 11.7a
2000 3.0 3.1 3.0 3.1 3.2  9.9 10.2 10.1 10.4 10.4 
2001 3.5 3.6 3.5 3.6 3.5  6.8 7.1 6.9 6.9 6.9 
2002 2.8 2.8 2.5 2.8 3.0  10.1 10 9.8 10.1 10.5 
2003 3.0 3.0 2.8 2.9 2.9  10.2 10.4 9.7 10.9 10.8 
2004 3.9ab 4.0a 3.5c 3.6bc 3.8ab  11.8 12.2 11.4 12.3 12.5 
SERF 
2005 3.6 3.7 3.5 3.6 3.5  9.1a 9.5a 7.6b 9.6a 10.1a
1994 4.1 4.1 4.1 4.0 4.0  10.8 10.8 10.6 10.3 10.5 
1995 3.6 3.6 3.7 3.7 3.6  10.5 9.9 10.6 10.3 10.2 
1996 3.8 3.7 3.7 3.7 3.7  9.8 9.8 9.5 9.4 9.6 
1997 4.0 4.0 4.0 4.0 4.1  10.6 10.5 10.8 10.3 10.6 
1998 3.5 3.5 3.4 3.6 3.5  11.6 10.6 11.7 11.5 10.9 
1999 4.1 4.1 4.2 4.1 4.2  8.9 8.1 8.7 8.8 8.7 
2000 2.9 3.0 2.9 3.1 3.0  9.4 9.1 9.1 9.0 9.3 
2001 3.6a 3.6a 3.3b 3.7a 3.7a  10.0 10.4 9.9 10.2 10.1 
2002 2.2 2.3 2.0 2.3 2.3  10.0 9.3 9.0 9.0 9.9 
2003 2.0 1.9 2.1 2.0 2.2  8.0 8.1 8.1 7.6 7.9 
2004 4.2a 4.4a 3.8b 4.2a 4.2a  14.1 14.3 13.8 14.0 14.1 
SWRF 
2005 4.4 4.2 4.1 4.1 4.2  13.0a 13.0a 11.7b 13.7a 13.4a
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Table 2-3. Soybean and corn GPC as affected by placement and P application rate. 
  Soybean  Corn 
  Treatment†  Treatment 
  B1 B2 P0 S1 S2  B1 B2 P0 S1 S2 
SITE YEAR Grain P Concentration  Grain P Concentration 
   ----------------- g kg-1 -----------------  ----------------- g kg-1 ----------------- 
1994 6.1a 5.8b 5.8b 6.0ab 6.1a  2.8 2.9 2.9 3.0 2.8 
1995 6.0 6.7 6.2 6.1 6.3  2.9 2.7 2.9 2.9 3.1 
1996 6.0 5.6 5.6 5.6 5.7  2.6 2.5 2.4 2.5 2.4 
1997 5.5 5.4 5.3 5.2 5.4  2.4 2.4 2.2 2.4 2.4 
1998 5.6 5.3 5.3 5.4 5.8  2.2 2.3 2.1 2.2 2.1 
1999 6.0 6.5 6.2 6.3 6.4  2.7 2.5 2.7 2.7 2.6 
2000 6.4 6.5 6.0 6.3 6.2  2.2 2.3 2.2 2.2 2.1 
2001 5.8 6.0 5.7 5.8 5.9  2.5 2.5 2.3 2.6 2.6 
2002 6.5ab 6.4bc 6.1c 6.4bc 6.7a  2.8 2.6 2.4 2.6 2.7 
2003 5.6a 5.9a 5.0b 5.6a 5.7a  2.9a 2.7a 2.4b 2.9a 2.7ab
2004 6.2ab 6.6a 5.9b 6.1b 6.1b  2.4 2.6 2.3 2.5 2.5 
NERF 
2005 6.5a 6.7a 5.8b 6.5a 6.5a  2.8 2.8 2.7 2.9 2.8 
1994 5.5 5.5 4.4 5.5 5.4  2.2 2.2 2.2 2.3 2.3 
1995 7.1 6.4 5.8 5.7 6.4  2.8 2.9 2.7 3.0 2.9 
1996 4.9bc 5.7a 4.3c 4.8c 5.4ab  2.6a 2.7a 2.3b 2.5ab 2.8a 
1997 5.0b 5.7a 4.2c 5.3ab 5.5ab  2.3 2.8 2.1 2.4 2.0 
1998 5.0 5.6 4.4 5.0 6.0  2.0 2.1 1.7 2.0 1.9 
1999 5.0b 5.5a 4.0c 4.9b 5.7a  2.1 2.2 1.9 2.0 2.1 
2000 5.4bc 6.3a 4.4d 5.2c 6.0ab  2.4a 2.5a 1.8b 2.4a 2.4a 
2001 5.1ab 5.4a 4.1c 4.8b 5.4ab  2.7 2.8 2.3 2.7 2.7 
2002 6.0a 6.3a 4.4b 5.5a 6.2a  2.7 2.8 2.4 2.6 3.1 
2003 5.5c 6.6a 4.4d 5.7bc 6.1b  2.4ab 2.4a 1.9b 2.3ab 2.7a 
2004 5.3b 6.0a 4.1c 4.9b 6.0a  2.3 2.5 1.9 2.4 2.4 
NIRF 
2005 5.7ab 6.4a 4.5c 5.2bc 6.2a  2.4 2.5 1.9 2.4 2.5 
1994 5.1 5.1 5.1 5.1 5.2  1.6 1.70 1.7 1.6 1.7 
1995 6.2 6.0 4.9 6.6 6.9  2.5a 2.6a 2.2b 2.4ab 2.5a 
1996 4.9a 5.2a 4.2b 4.7ab 5.0a  2.0b 2.2a 1.9b 2.0ab 2.2a 
1997 4.1 4.3 3.7 3.80 4.30  1.7bc 2.0a 1.6c 1.6c 1.9ab
1998 5.6ab 5.9a 4.3c 5.4b 5.8ab  2.0b 2.1ab 1.6c 2.1ab 2.2a 
1999 4.7b 5.3a 3.8c 4.7b 5.0ab  1.9ab 2.1a 1.6b 2.0ab 2.1a 
2000 5.2ab 5.5a 3.9c 4.8b 5.1ab  1.8 2.00 1.6 1.9 2.0 
2001 5.9bc 6.6a 4.6d 5.7c 6.2ab  2.4a 2.7a 2.0b 2.3ab 2.6a 
2002 5.3b 6.0a 4.1c 5.2b 5.9ab  2.2a 2.2a 1.8b 2.1a 2.0ab
2003 5.2c 6.1a 4.3d 5.4bc 5.8ab  2.0b 2.2a 1.6c 1.9b 2.2a 
2004 6.1a 6.4a 4.7b 5.9a 6.4a  2.6a 2.7a 1.9b 2.6a 3.0a 
NWRF 
2005 5.5 6.0 3.9 5.0 4.5  2.2bc 3.2a 1.6c 2.1bc 2.4ab
Values followed by the same letter (a, b, c, and d) refer to yields that are not statistically 
different based on LSD at P ≤ 0.05.  Grouping of means using LSD was only done when 
treatment effects were significant at P ≤ 0.05.
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Table 2-3. continued 
  Soybean  Corn 
  Treatment  Treatment 
  B1 B2 P0 S1 S2  B1 B2 P0 S1 S2 
SITE YEAR Grain P Concentration  Grain P Concentration 
   ----------------- g kg-1 -----------------  ---------------- g kg-1 ---------------- 
1994 4.7 4.6 5.2 5.1 4.7  2.0 2.2 2.0 2.1 2.3 
1995 7.0b 8.7a 6.6b 6.7b 7.0b  2.7 2.8 2.6 2.9 2.7 
1996 6.0 5.8 5.3 5.9 6.2  2.3 2.3 2.2 2.3 2.4 
1997 5.8ab 6.0a 5.1c 5.4bc 5.7ab  2.7 2.6 2.5 2.7 2.8 
1998 5.7 5.8 5.3 5.6 5.9  2.3 2.4 2.2 2.3 2.4 
1999 6.2 6.3 5.6 6.1 6.1  2.6 2.6 2.5 2.8 2.6 
2000 6.2 6.1 5.6 6.0 6.3  2.3 2.5 2.0 2.4 2.6 
2001 6.3a 6.4a 5.2b 6.2a 6.2a  2.4 2.7 2.4 2.4 2.6 
2002 5.8a 6.0a 5.2b 5.8a 5.8a  2.2a 2.2a 1.9b 2.1a 2.2a
2003 6.7a 6.8a 5.4b 6.6a 7.0a  2.4 2.6 2.0 2.7 2.6 
2004 6.7a 6.8a 6.1b 6.8a 6.9a  2.2 2.2 1.8 2.3 2.2 
SERF 
2005 5.6 6.1 5.3 5.1 4.5  2.2 3.5 3.1 3.4 3.1 
1994 4.8 5.2 5.1 5.4 6.2  2.5 2.6 2.4 2.5 2.5 
1995 6.6 7.4 7.1 7.3 7.1  2.5 2.7 2.6 2.6 2.9 
1996 6.5 6.6 6.3 6.2 6.4  2.4 2.4 2.3 2.4 2.1 
1997 5.1 5.4 4.9 4.8 5.0  2.3 2.3 2.1 2.2 2.2 
1998 6.0 6.0 5.8 6.1 6.0  2.1 2.3 2.1 2.0 2.2 
1999 6.0 5.8 5.7 5.9 5.9  2.7 2.8 2.5 2.7 2.6 
2000 6.4 6.2 6.0 6.1 6.4  2.4 2.3 2.2 2.5 2.2 
2001 5.8 5.8 5.0 5.3 5.5  2.5 2.6 2.2 2.5 2.5 
2002 5.8a 6.2a 5.4b 6.0a 6.0a  2.2 2.3 2.2 2.2 2.1 
2003 6.0b 6.3a 5.5c 6.2ab 6.2ab  2.4 2.4 2.2 2.5 2.5 
2004 5.8a 6.1a 5.0b 5.9a 5.9a  2.7 2.8 2.6 2.8 2.7 
SWRF 
2005 6.3a 6.5a 5.7b 6.4a 6.3a  2.4 2.5 2.3 2.4 2.5 
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Table 2-4. Soil-test P trends over time.  
     
0 kg P ha-1 (unfertilized controls, P0) 
Site Slope † Intercept R2 Significance  
 mg P kg-1 yr-1 mg P kg-1  P > F 
NERF -1.71 30.6 0.79 0.01 
NIRF -0.43 8.1 0.53 0.01 
NWRF -0.35 6.4 0.49 0.01 
SERF -0.87 17.7 0.78 0.01 
SWRF -0.55 17.3 0.43 0.02 
Mean -0.78 17.0 0.82 0.01 
28 kg P ha-1 (broadcast, B2) 
NERF 1.31 31.4 0.29 0.07 
NIRF 2.21 9.3 0.64 0.01 
NWRF 3.72 4.5 0.81 0.01 
SERF 2.20 23.6 0.82 0.01 
SWRF 2.56 23.9 0.87 0.02 
Mean 2.37 19.6 0.90 0.01 
† All relationships were linear, and time was measured in years (1 to 
12). 
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Figure 2-1. Relationships between STP and grain P concentration. 
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Figure 2-2. Relationships between grain yield and grain P removal. 
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Figure 2-3. Relationships between grain P concentration and grain P removal. 
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Figure 2-4. Relationships between grain yield and GPC.  
Linear models showed a no significant fit for both linear and curvilinear models at P ≤ 0.05 
in soybean and corn with R2 = 0.10 for both crops. 
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Figure 2-5. Soybean trends over time in grain yield, GPC, and grain P removal.   
P0 refers to the control (0 kg P ha-1) treatment and 1 and 2 refer to 14 and 28 kg P ha-1 rates 
respectively, while B and S refer to broadcast and planter band placements. 
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Figure 2-6. Corn trends in grain yield, GPC, and grain P removal over time.   
P0 refers to the control (0 kg P ha-1) treatment and 1 and 2 refer to 14 and 28 kg P ha-1 rates 
respectively, while B and S refer to broadcast and planter band placements. 
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Figure 2-7. Soil test trends over time. 
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Figure 2-8. STP versus grain P removal.   
The area between the lines shows the optimum STP range above which yield response 
probabilities are only five percent. 
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Figure 2-9. Cumulative net P removal versus cumulative STP change.   
The regression equation shown is for STP drawdown (filled circles) and the open circles 
show the variability in STP increase with net P additions. 
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Figure 2-10. Average net P versus average STP change.   
This figure shows STP change as a result of net P changes using averages from all sites. 
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CHAPTER 4:  GENERAL CONCLUSIONS 
 Theory and results from other regions of the world suggest that different tillage 
systems may require different soil sampling methods for P fertilizer placement methods, and 
probably P application rates.  The probability of drought, residue cover, and soil P 
stratification have been shown to influence P uptake by crops and, consequently, they 
determine appropriate P management practices.  Results from two studies in this Thesis 
including no-till and chisel/disk tillage systems and broadcast and planter-band placement 
methods did not confirm these expectations.  One important conclusion was that at the five 
Iowa sites included in the study, and likely across Iowa because experimental conditions 
represented well large agricultural areas of the state, there was no consistent or large 
advantage to banding over broadcast P fertilization on grain yields of corn and soybean even 
when soil-test P (STP) stratification was significant.  Moreover, this conclusion was true in 
both no-till and chisel-disk tillage systems.  On the other hand, the study confirmed previous 
research in that no-till and chisel-disk tillage management result in consistently similar 
soybean grain yield, but corn grain yields frequently are higher with chisel-disk tillage, with 
the exception of some drier than normal years.  Stratification of STP in soil was highly 
affected by broadcast P application in both tillage systems.  However, this stratification was 
consistently higher for no-till than chisel-disk tillage only at one site.  This result is in 
agreement with the lack of advantage from banding  
 Another important conclusion, a logical consequence of the results noted, was that 
there was also no advantage from a shallow soil sampling depth when attempting to predict 
yield responses for corn and soybean to P fertilization with either tillage system.  Instead, the 
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only outcome was an expected shift to a higher critical STP level for the shallower sampling 
depth. 
 This study also showed that while STP changes over time are easily related to P 
application it is not well correlated to net P addition and there was no effective way to 
establish this relationship with any certainty.  However, STP decreases could be reasonably 
predicted by net P removals.  This study found that due to a high correlation between yield 
and P removal when calculating crop P removal it was more important to have accurate yield 
determinations than grain phosphorus concentrations (GPC).  Thus GPC averages like those 
calculated in this study (5.7 g kg-1 for soybean and 2.4 g kg-1 for corn) could likely be used in 
determining crop P removal.  The GPC did show a correlation to STP that included a rapid 
increase to a sufficiency level and then a subsequent slower increase thereafter, in both corn 
and soybean.  Statistical analyses of GPC data showed that while both crops were affected by 
P application, soybean GPC was much more commonly affected and neither crop showed 
responses to P placement.  Trends over time in yield, GPC, and grain P removal comparing 
responsive and non-responsive sites also revealed that P fertilization can increase GPC even 
when there is no effect on yield. 
In conclusion the main findings of this research were that banded P held no yield 
advantage in either tillage system, stratification was evident in both tillage systems and there 
were no advantages to a shallower sampling depth for predicting yield responses.  
Additionally, the research showed that, while STP drawdown could be correlated with net P 
removal, net P additions could not be correlated with STP build up and other STP trends 
showed that the amount of increase or decrease in STP with time was closely linked to the 
initial STP value and crop P removal rates. 
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